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This is an appeal from the final rejection of claims 1, 6, 7, 10 and 14-21 in the Office 
Action mailed October 21, 2004, in the above-identified patent application. A Notice of Appeal 
was filed on January 20, 2005. The Commissioner is hereby authorized to charge $500.00, the 
fee for the filing of this Appeal Brief for a large entity, to Deposit Account No. 50-3 129. 
Submitted with this Appeal Brief is a Petition for an Extension of Time, to extend the period for 
response for one-month, to and including April 20, 2005. The Commissioner is hereby 
authorized to charge $120.00, the fee for a large entity, to Deposit Account No. 50-3 129. 

It is believed that no additional fee is required with this submission. However, should an 
additional fee be required, the Commissioner is hereby authorized to charge the fee to Deposit 
Account No. 50-3129. 
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APPEAL BRIEF 

(1) REAL PARTIES IN INTEREST 

The real party in interest of this application is the assignee, Metabolix, Inc., Cambridge, 
Massachusettsr^fncrThas entered into licensing agreements with other parties. 

(2) RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences known to appellant, the undersigned, or 
appellant's assignee which directly affects, which would be directly affected by, or which would 
have a bearing on the Board's decision in this appeal. 

(3) STATUS OF CLAIMS 

Claims 1, 6, 7, 10 and 14-21 are pending and on appeal. Claims 2-5, 8-9, 11-13, and 22- 
34 have been cancelled. The text of each claim on appeal, and as pending, is set forth in an 
Appendix to this Appeal Brief. 

(4) STATUS OF AMENDMENTS 

The claims were last amended in the Amendment and Response, filed January 20, 2005. 
An appendix sets forth the claims on appeal. 

(5) SUMMARY OF CLAIMED SUBJECT MATTER 

Known biological systems for the production of polyhydroxyalkanoates (PHAs) 
containing 3-hydroxyhexanoate (3HH) are inefficient. Bacteria such as E. coli do not normally 
produce PHAs and have not previously been described to produce 3HH copolymers, although 
they have been engineered to express heterologous genes to produce polyhydroxybutyrate 
("PHB") and other polyhydroxyalkanoates. The claimed method is based on the discovery that 
bacteria can be genetically engineered to produce polyhydroxybutyrate-co- 
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polyhydroxyhexanoate (PHBH) by selecting a PHA polymerase that accepts six carbon 
substrates, and then providing the appropriate substrates. The various pathways that can be 
utilized to produce PHBH are shown in Figures 2-5. The bacteria can be further engineered to 
utilize one or more of these pathways to provide substrates for the PHA polymerase. 

Claim 1 defines a method for the biological production of polyhydroxyalkanoate 
containing 3-hydroxyhexanoate, which includes providing genetically engineered bacteria 
expressing a phbA thiolase gene encoding an enzyme that converts butyryl-CoA and acetyl CoA 
to beta-ketohexanoyl-CoA (page 11, lines 19-24; page 12, lines 22-26; page 13, lines 20-26), a 
phbB reductase gene that encodes an enzyme that converts beta-ketohexanoyl-Co A to beta- 
hydroxyhexanoyl-CoA (page 12, lines 25-26; page 21, lines 18-21), and a phbC polymerase gene 
that encodes an enzyme that polymerizes 3-hydroxybutyryl CoA and-3-hydroxyhexanoyl-CoA 
(page 21, lines 1 1-15; Examples 2, 3, and 5), where the enzymes are expressed in a sufficient 
amount to produce polyhydroxybutyrate-co-polyhydroxyhexanoate. The phbC polymerase gene 
can be obtained from a bacterial strain such as Aeromonas caviae, Comamonas testosteroni, 
Thiocapsiapfenigii, Chromatium vinosum, Bacillus cereus, Nocardia Carolina, Nocardia 
salmonicolor, Rhodococcus ruber, Rhodococcus rhodocrous, or Rhodospirilum rubrum (page 3, 
line 19-25; page 10, line 28 to page 11, line 2; page 12, lines 1-15). The bacteria may also be 
engineered or selected to express genes encoding a B-hydroxyacyl-ACP-coenzyme A transferase 
(page 5, lines 20-25; page 1 5, lines 1 8-23) and/or a D-specific enoyl-CoA hydratase (page 5, 
lines 20-25; page 23, lines 26-29) (See Figure 5). The bacteria may also express one or more 
fatty acid biosynthetic enzymes, such as enzymes which convert acyl ACP to acyl CoA, 
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including ACP-CoA transacylase, acyl ACP thioesterase, or acyl CoA synthase (page 15, lines 8- 
20; Example 6; Figures 5 and 10). 

(6) GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

The issues presented on appeal are: 

(1) whether claims 1, 6, 7, 10, and 14-21 comply with the written description requirement 
as required by 35 U.S.C. § 1 12, first paragraph; and 

(2) whether claims 1, 6, 7, 10, and 14-21 are enabled as required by 35 U.S.C. § 1 12, first 

paragraph. 

(7) GROUPING OF CLAIMS 

The claims do not stand or fall together as discussed below. 

(8) ARGUMENTS 

(a) The Claimed Invention 

Polyhydroxyalkanoates (PHAs) are natural, thermoplastic polyesters and can be 
processed by traditional polymer techniques for use in an enormous variety of applications, 
including consumer packaging, disposable diaper linings and garbage bags, food and medical 
products. Several factors are critical for economic biological production of PHAs, including 
substrate costs, fermentation time, and efficiency of downstream processing. 

As described above, the production of PHAs containing 3-hydroxy-co-hydroxyhexanoate 
(3H-co-HH) in known biological systems is inefficient. However, the Appellants have 
discovered that microorganisms, such as E. coli, which do not normally produce PHAs, can be 
genetically engineered to produce PHAs by the introduction of a PHA synthase gene which 
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encodes an enzyme that accepts C6 substrates and optionally, additional transgenes, such as 
genes encoding 13-ketothiolase, acetoacetyl-CoA reductase, B-ketoacyl-CoA reductase, enoyl- 
CoA hydratase and/or B-hydroxyacyl-ACP-coenzymeA transferase. The genes are preferably 
selected on the basis of the substrate specificity of their encoded enzymes for the production of 
the 3HH polymers as wekk as PHB. 

The Appellants have also discovered that biological systems for the production of PHAs 
containing 3-hydroxy-co-hydroxyhexanoate (3H-co-HH) can be improved by using transgenic 
organisms with faster growth rates and/or by genetically engineering these organisms to produce 
the co-monomer 3-hydroxyhexanoic acid from cheaper feedstocks, such as butyrate or butanol, 
or directly from glucose by incorporating genes encoding enzymes which can channel cellular 
intermediates to butyryl-CoA, thereby improving the economics of PHA production using 
transgenic organisms. Enzyme activities desirable for conversion of metabolic intermediates into 
i?-3-hydroxyhexanoyl CoA, include butyryl CoA dehydrogenase activity and acyl CoA:ACP 
transferase activities. The latter conversion is catalyzed either by a single protein or by a 
combination of thioesterase and acyl CoA synthase activities. The flux of normal cellular 
metabolites to 3-hydroxyhexanoate is redirected via one or more of three different pathways. 
These three pathways generate 3-hydroxyhexanoate, either (1) using a butyrate fermentation 
pathway, for example using enzymes from Clostridium acetobutylicium (Figure 3), (2) using 
fatty acid biosynthetic enzymes, for example from E coli (Figure 5), or (3) using a fatty acid 
oxidation complex, for example, from Pseudomonas putida (from Figure 6). In a preferred 
embodiment, E coli is engineered to synthesize PHBH from either inexpensive carbohydrate 
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feedstocks such as glucose, sucrose, xylose and lactose or mixtures of such carbohydrates and 
fatty acids as the only carbon source by introducing genes encoding enzymes that convert 
cellular metabolites to 3-hydroxyhexanoyl CoA. It is crucial that the expression of all the genes 
involved in the pathway be adequate for efficient PHA synthesis in recombinant E. coli strains. 

An example of a biosynthetic pathway that results in /?-3-hydroxyhexanoyl CoA 
formation involves the elongation of butyryl CoA to 3-ketohexanoyl CoA which can 
subsequently be reduced to the monomer precursor, as shown in Figure 4. Butyryl CoA is 
formed by butyrate fermenting organisms such as C. acetobutylicum in a four step pathway from 
acetyl CoA. Elongation of butyryl CoA to 3-ketohexanoyl CoA is catalyzed by a thiolase. The 
complete pathway thus involves (1) the PHB biosynthetic thiolase, (2) the three enzymes from C. 
acetobutylicum that form butyryl CoA, (3) a second thiolase, specific for 3-ketohexanoyl CoA, 
(4) a reductase specific for this substrate, and (5) a PHB polymerase that accepts both 3- 
hydroxybutyryl CoA and 3-hydroxyhexanoyl CoA. 

In P. putida, monomers for PHA biosynthesis are derived from the fatty acid oxidation 
pathway when alkanes or oxidized alkanes are provided as carbon and energy source. The 
intermediate in this pathway that is channeled to PHA biosynthesis is S-3-hydroxyacyl CoA 
(preferentially C 8 and Cio) which undergoes epimerization by the FaoAB complex to the R- 
isomer. The combined action of epimerase and PHA polymerase provides C 6 to C ]4 monomers 
for PHA. Consequently, a combination of this epimerase and a 3-hydroxyhexanoyl CoA 
accepting PHA polymerase provides the biosynthetic capability to synthesize PHBH from fatty 
acids in transgenic organisms, as shown by Figure 5. Mixtures of fatty acids and carbohydrates 
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that are useful feedstocks for fermentative production as the 3HB monomer can be derived from 
acetyl CoA, where the 3HH component is from fatty acids. 

P. putida and P. aeruginosa synthesize PHAs composed of medium-chain length 3- 
hydroxy fatty acids when grown on sugars. The predominant monomer in these PHAs is 3- 
hydoxydecanoate. A similar pathway can be engineered for the synthesis of PHBH in 
recombinant microorganisms such as E. coli, R. Eutropha and P. putida, as shown by Figure 6. 
Besides a polymerase that accepts the 3-hydoxybutyryl CoA and 3-hydroxyhexanoyl CoA 
precursors, an enzymatic activity that converts 3-hydroxyacyl ACP into 3-hydroxyacyl CoA or 
3-ketoacyl ACP into 3-ketoacyl CoA is required. Deregulation of fatty acid biosynthesis and 
increased activity of this pathway subsequently provides the substrate for PHBH formation. The 
critical enzymatic activity in this pathway is the conversion of the 3-hydroxyacyl ACP to the 
CoA derivative. Thioesterases and acyl CoA synthases can accomplish this step. Alternatively, 
acyl ACP:CoA transferase can be used to facilitate this step in the PHA pathway, 
(b) Rejections Under 35 U.S.C. 8 112. first paragraph 

i. Rejection of Claims 1, 6, 7, 10, 14-21 under 35 U.S.C. § 112, first 
paragraph (written description) 
The Le gal Standard 

Both the written description and enablement requirements are defined by 35 U.S.C. § 
112, first paragraph, which states that the patent specification must contain "a written description 
of the invention, and of the manner and process of making and using it... [such] as to enable any 
person of ordinary skill in the art to which it pertains ... to make and use the same ..." The 
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purpose of the written description requirement is to prevent a patentee from later asserting that 
he invented something which he did not. Thus the patentee must "recount his invention in such 
detail that his future claims can be determined to be encompassed within his original creation." 
Vas- Cath Inc. v. Mahurkar, 935 F.2d 1555, 1561, 19 U.S.P.Q.2d 1111,1115 (Fed. Cit 1991). 

For many years the leading case for the written description requirement in the 
biotechnology and pharmaceutical arts was Eli Lilly v. Univ. of Calif. Board of Regents, in 
Regents of University of California v. Eli Lilly & Co., 119 F.3d 1559, 43 U.S.P.Q.2d 1398 (Fed. 
Cir. 1997), cert denied, 523 U.S. 1089 (1998). The Federal Circuit evaluated whether claims to 
recombinant production of human insulin in U.S. Patent No. 4,652,525 met the written 
description requirement. The court determined that the specification failed to comply with the 
written description requirement for only disclosing a single species of DNA encoding non- 
human insulin. 

The Federal Circuit has since held that that the written description requirement can be 
met by a functional description of claimed materials, if coupled with a known or disclosed 
correlation between function and structure. Enzo Biochem, Inc., v. Gen-Probe, Inc., 296 F.3d 
1316, 63 U.S.P.Q.2d 1609 (Fed. Cir.2002) ^Enzo IF). The court held that a patentee complied 
with the written description requirement by depositing biological material in a public depository. 
In Enzo II, the Federal Circuit rejected its narrow interpretation of Eli Lilly that the disclosure of 
the sequence was always necessary, and instead adopted a broader interpretation of the types of 
disclosures that comply with the written description requirement. The court adopted provisions 
from the Guidelines issued by the U.S. Patent and Trademark Office that state that the written 
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description requirement can be met by a functional description of claimed materials, if coupled 
with a known or disclosed correlation between function and structure. The court found that the 
written description requirement was met when, in the knowledge of the art, the disclosed 
function is sufficiently correlated to a particular, known structure. This standard was 
subsequently affirmed and clarifed in the decision of Amgen Inc. v. Hoechst Marion Roussel, Inc. 
and Transkaryotic Therapies, Inc. 314 F.3d 1313, 65 USPQ 2d (Fed. Cir. 2003). 

Claims 1, 6, 7, 10, and 14-21 Satisfy the Written Description Requirement 
With regard to the NEW MATTER rejection, the Examiner alleges that there is no 
support in claim 1 for "a#C polymerase gene that encodes an enzyme that polymerizes 3- 
hydroxybutyrl CoA andj^r^^ However, page 21, lines 11-15, discloses 

that 3-hydroxyhexanoyl CoA accepting PHA polymerase genes can be obtained from A. 
caviae, C. testosteroni, T. pfenigii, and possibly P. denitrificans and S. natans. 

In addition, support can also be found in Example 3, which describes the production of 
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) by construction of transgenic E. coli 
strains that express chromosomally encoded phaC from N. salmonicolor. Note that the only 
polymerase that is provided is the one obtained from N. salmonicolor, which acts on both 
substrates. Furthermore, Examples 2 and 5 disclose that PHBH was produced from glucose and 
butyrate in E. coli expressing a plasmid ( P MBXcl2J12) containing the PHB polymerase from A. 
caviae, which confirms that this enzyme accepts both 3-hydroxybutyrl CoA and 3- 
hydroxyhexanoyl-CoA. Construction of the plasmid and the sequence for the A. caviae 
polymerase gene is disclosed in the publication cited in Example 2 on page 21, lines 24-26 
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(Fukui & Doi. J. Bacteriol 179:4821-4830 (1997) (submitted with IDS; copy enclosed in the 
Appendix)). Finally, Figure 9 is a schematic of selection for a PHBH recombinant pathway in E. 
coli using the PHA polymerase gene phaC from P. putida. The schematic clearly shows that the 
polymerase acts on 3-hydroxyhexanoyl-CoA. Accordingly, there is ample support in the 
specification for the amendments to the claim and it is clear that the Appellants were in 
possession of the broad substrate polymerase at the time of filing. 

With regard to the other claim rejections under 35 U.S.C. § 1 12, first paragraph (written 
description), please consider the following comments. 

Generally, there is an inverse correlation between the level of skill and knowledge in the 
art and the specificity of disclosure necessary to satisfy the written description requirement. 
Information which is well known in the art need not be described in detail in the specification. 
See e.g. Hybritech Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 1367, 1379-80, 231 USPQ 81, 
90 (Fed. Cir. 1986). Appellants are claiming a method for the production of a polymer in 
bacteria that incorporates new combinations of genes and enzymes with known sequences. 

The enzymes set forth in the claims are a phbA thiolase gene, a phbB reductase gene, a 
phbC polymerase gene that encodes an enzyme that polymerizes 3-hydroxybutyryl Co A and 3- 
hydroxyhexanoyl-CoA (claims 1, 6, 7, 14 and 15), a gene encoding a fl-hydroxyacyl-ACP- 
coenzyme A transferase (claim 10), a gene encoding a D-specific enoyl-CoA hydratase (claim 
16), three enzymes from C. acetobutylicum that form butyryl CoA, a thiolase specific for 3- 
ketohexanoyl CoA, a reductase specific for 3-ketohexanoyl CoA (claim 17), and fatty acid 
biosynthetic enzymes including ACP-CoA transacylase, acyl ACP thioesterase, and acyl CoA 
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synthase (claims 18-21). Each of these genes and enzymes were well known to those skilled in 
the art, commercially available and sufficiently identified in the specification as of the date of 
filing to reasonably convey to one skilled in the art that the inventors had possession of the 
claimed invention. 

For example, sequence information can be obtained from the cited publications, such as 
those on page 1, line 29 to page 2, lines 12, and actual DNA can be obtained from the authors of 
the cited publications or purchased from commercial suppliers, such as the American Type 
Culture Collection (ATCC). Published amino acid and nucleotide sequence listings for the 
various genes can also be obtained from GenBank or the National Center for Biotechnology 
Information (NCBI), as demonstrated by the Appellants in their response and amendment mailed 
on March 10, 2003 (copy enclosed in the Appendix), in which published sequence listings from 
the NCBI were submitted. Included were phbB amino acid and nucleotide sequences from 
Asospirillum brasilense and Pseudomonas putida; phbA amino acid and nucleotide sequences 
from Pseudomonas putida; and phbC amino acid and nucleotide sequences from Pseudomonas 
putida, Rhodobacter sphaeroides, Azorhizobium caulinodans, A, eutrophus, and Pseudomonas 
sp. In addition, in their response filed August 5, 2004, the Appellants submitted copies of the 
results of searches of GenBank for acyl CoA synthase, acyl ACP thioesterase, and ACP-CoA 
transacylase sequences published before the priority date of the application, January 22, 1998 
(copy enclosed in the Appendix). 

Furthermore, one of ordinary skill would know that each of the genes and enzymes used 
in the claimed methods can be easily isolated and sequenced using methods known in the art or 
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described in the specification. As noted above, on page 1, line 29 to page 2, line 1 1, the 
specification discloses a number of publications, which describe methods for producing PHAs in 
natural or genetically engineered organisms and makes special reference to patents that disclose 
the genes encoding the reductase, thiolase, and PHB polymerase of claims 1, 6, 7, 14, and 15 
(U.S. Patent Nos. 5,245,023; 5,250,430; 5,480,794; 5,512,669; 5,534,432 to Peoples and 
Sinskey; page 2, lines 2-5). In addition, on page 10, line 29 to page 11, line 2, the specification 
states that useful PHA synthase genes have been isolated from, for example, Aeromonas caviae 
(Fukui & Doi, J. Bacteriol 179: 4821-30 (1997)), Rhodospirillum rubrum (U.S. Patent No. 
5,849,894), Rhodococcus ruber (Pieper & Steinbuechel, FEMS Microbiol Lett 96(1): 73-80 
(1992)), and Nocardia corallina (Hall et. al., Can. 1 Microbiol 44: 687-91 (1998)). All of these 
references were submitted with the Information Disclosure Statement. Furthermore, the Fukui & 
Doi and Hall references disclose that the PHA synthase genes from A. caviae (Fukui & Doi, page 
4828, 1 st full paragraph) and Nocardia corallina (Hall et al., pages 690-691) can polymerize 3- 
hydroxybutyrl CoA and 3-hydroxyhexanoyl-CoA . Therefore, it clear that there is sufficient 
support for these enzymes in the specification and in the literature, especially the phbC genes 
from the bacteria recited in claims 7 and 15. 

The B-hydroxyacyl- ACP-coenzyme A transferase gene, cited in claim 1 0, encodes an 
enzyme that converts 3 -hydroxy acyl ACP to the CoA derivative. This step in the 
polyhydroxyalkanoate pathway is facilitated by acyl ACP:CoA transferase activity. The 
specification states that genes that encode this enzyme can easily be identified in bacteria that 
produce polyhydroxyalkanoates from oxidized carbon sources, such as carbohydrates (see page 
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15, lines 18-23, of the specification). In addition, the identification of genes encoding enzymes 
that convert acyl ACP to acyl Co A is presented in Figure 10 as a screen that makes use of the 
very user friendly lux system of Vibrio fischeri. One merely assays for light generation that 
results from the induction of the transgenic lux system. Such light generation implicates 
ACP::CoA transferase activity that is present in the system. 

On page 24, lines 4-9, the specification recites a specific reference relating to the phai 
gene encoding an enoyl-CoA hydratase, cited in claim 16 (Fukui and Doi, J. Bacteriol 179 : 
4821-30 (1997) (submitted with IDS; copy enclosed in the Appendix), and describes how to 
isolate this gene from chromosomal DNA prepared from A. caviae strain FA-440, obtained from 
the Japanese Culture Collection under accession number FERM BP 3432 (U.S. Patent No. 
5,292,860)). 

On page 12, line 18 to page 13, line 19, the specification describes a thiolase specific for 
3-ketohexanoyl, a reductase specific for 3-ketohexanoyl, and enzymes from C acetobutylicum 
(hbd, crt, bdh) that form butyryl CoA, which are cited in claim 17. With regard to the enzymes 
from C acetobutylicum, a number of publications are recited, such as Boynton et al. J. Bacteriol. 
178(1 1): 3015-3024 (1996) (submitted with IDS; copy enclosed in the Appendix), which 
describe the isolation of these genes. In addition, Example 3 describes the isolation of the genes 
using PCR. The specification also makes reference to GenBank (page 13, line 4), demonstrating 
that the sequences of these genes may be accessed through a public depository. In addition, on 
page 11, lines 10-18, the specification recites Ploux et al (1988) and Haywood et al.(1988), 
which disclose that 3-ketohexanoyl CoA is a substrate for reductase enzymes from Z ramigera 
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and R. eutropha. The specification also recites Haywood et al (1988) on page 1 1, lines 19-24, 
which discloses that R. eutropha has two 3-ketothiolases, one of which has activity for higher 3- 
ketoacyl CoA's (i.e. 3-ketohexanoyl CoA). 

Finally, the fatty acid biosynthetic enzymes in claims 18-21 are defined by their 
substrates. Many are known, cloned and well characterized. For example, see the enclosed 
copies of the results of searches of GenBank for acyl CoA synthase, acyl ACP thioesterase, and 
ACP-CoA transacylase that were submitted by the Appellants in their response dated August 5, 
2004. Also see Pramanik et al. 137(1): 469-473 (1979) (submitted with IDS; copy enclosed in 
the Appendix), cited at page 14, line 20, and Bouqin et al. Mol Gen. Genet. 246(5): 628-637 
(1995) (submitted with IDS; copy enclosed in the Appendix), cited at page 25, line 26. 
Homologous genes are readily isolated from bacteria such as R. eutropha, A. latis, C. 
testosterom, P. denitrificans, R. ruber, and other PHA and non-PHA producers using the same 
methods to identify the fao AB (fatty acid oxidation) genes in P. putida KT2442. This is 
explicitly stated at lines 30-3, bridging pages 14 and 15 of the specification. Furthermore, 
epimerase activity had been detected in the fatty acid oxidation complexes of E. coli and P. fragi. 
As disclosed at page 14, lines 21-26, each of the Fao AB complex subunits were cloned and 
expressed to show the substrate specificity of components of the PHA pathway in P. putida. 
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ii. Rejection of Claims 1, 6, 7, 10, 14-21 under 35 U.S.C. § 112, first paragraph 
(enablement) 

The Legal Standard 

The Court of Appeals for the Federal Circuit (CAFC) has described the legal standard for 
enablement under § 1 12, first paragraph, as whether one skilled in the art could make and use the 
claimed invention from the disclosures in the patent coupled with information known in the art, 
without undue experimentation (See, e.g., Genentech, Inc. v. Novo Nordisk A/S, 108 F3d at 165, 
42 USPQ2dat 1004 (quoting In re Wright, 999 F.2d 1557, 1561,27 USPQ2d 1510, 1513 (Fed. 
Cir. 1993); See also In re Fisher, 421 F.2d at 839, 166 USPQ at 24; United States v. 
Telectronics, Inc., 857 F.2d 778 (Fed. Cir. 1988); In re Stephens, 529 F.2d 1343 (CCPA 1976)). 
The fact that experimentation may be complex does not necessarily make it undue, if the art 
typically engages in such experimentation (M.I.T. v. A.B. Fortia, 774 F.2d 1 104 (Fed. Cir. 
1985)). In addition, as affirmed by the Court in Spectra-Physics, Inc. v. Coherent, Inc., 827 F.2d 
1524 (Fed. Cir. 1987), a patent need not teach, and preferably omits, what is well known in the 
art. 

Whether the disclosure is enabling is a legal conclusion based upon several underlying 
factual inquiries. See In re Wands, 858 F.2d 731, 735, 736-737, 8 USPQ2d 1400, 1402, 1404 
(Fed. Cir. 1988). A determination of undue experimentation is a conclusion based on weighing 
many factors, not just a single factor. Many of these factors have been summarized in In re 
Forman, 230 USPQ 546, 547 (Bd. Pat. App. & Int. 1986) and set forth in In re Wands. They are: 
(1) The quantity of experimentation necessary (time and expense); (2) The amount of direction 
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or guidance presented; (3) The presence or absence of working examples of the invention; (4) 
The nature of the invention; (5) The state of the prior art; (6) The relative skill of those in the art; 
(7) The predictability or unpredictability of the art; and (8) The breadth of the claims. The 
M.P.E.P. explains that "[i]t is improper to conclude that a disclosure is not enabling based on an 
analysis of only one of the above factors while ignoring one or more of the others." Thus, a 
conclusion of nonenablement must be based on the evidence as a whole, as related to each of 
these factors (see M.P.E.P. § 2164.01 (a)). 

In cases that involve unpredictable factors, "the scope of the enablement obviously 
varies inversely with the degree of unpredictability of the factors involved." In re Fisher, All 
F.2d 833, 839, 166 USPQ 18, 24 (CCPA 1970). The fact that some experimentation is necessary 
does not preclude enablement; what is required is that the amount of experimentation 'must not 
be unduly extensive.' Atlas Powder Co., v. EL DuPont De Nemours & Co., 750 F.2d 1569, 
1576, 224 USPQ 409, 413 (Fed. Cir. 1984). There is no requirement for examples. In re 
Borkowski, 422E2d904, 57 CCPA. 946, 1970. 

In its most recent decision regarding issues of written description and enablement as 
defined by 35 U.S.C. § 1 12, Amgen, Inc. v. Hoechst Marion Roussel, Inc. and Transkaryotic 
Therapies, Inc., 314 F.3d 1313 (Fed. Cir. 2003), the Court of Appeals for the Federal Circuit 
continued in the manner of Enzo II and applied a broad interpretation of the types of disclosures 
that comply with the written description requirement. Similarly, in Amgen, the Federal Circuit 
adopted a broad interpretation of the types of disclosures that meet the enablement requirement. 
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The Federal Circuit stated "because the claim terms at issue here are not new or unknown 
biological materials that ordinarily skilled artisans would easily miscomprehend. Instead, the 
claims of Amgen's patents refer to types of cells that can be used to produce recombinant human 
EPO. [. . .] This difference alone distinguishes Eli Lilly, because when used, as here, merely to 
identify types of cells (instead of undescribed, previously unknown DNA sequences), the words 
'vertebrate' and 'mammalian' readily 'conveyQ distinguishing information concerning [their] 
identity' such that one of ordinary skill in the art could 'visualize or recognize the identity of 
members of the genus." Amgen, 314 F.3d at 1332, citing Eli Lilly, 119 F.3d at 1567, 1568, 43 
U.S.P.Q.2dat 1406. 

The Federal Circuit stated that Amgen's invention was not "the location of the control 
sequences and EPO DNA in relation to the cell, but rather the production of human EPO using 
those sequences." Id. The court held that the claims were enabled based on two rationales. 
First, in response to TKT's argument that the claims were not enabled since the specification did 
not teach a method for making the EPO using endogenous DNA, the court explained, "The 
specification's failure to disclose the later-developed endogenous activation technology cannot 
invalidate the patent." Id at 1335, citing Amgen, 126 F. Supp. 2d at 160, 57 U.S.P.Q.2d at 516. 
Second, the court referred to earlier cases for the rule that "the law makes clear that the 
specification need teach only one mode of making and using a claimed composition." Id, citing 
Johns Hopkins Univ. v. Cellpro, Inc., 152 F.3d 1342, 1361, 47 U.S.P.Q.2d 1705, 1719 (Fed. Cir. 
1998); Engel Indus. Inc. v. Lockformer Co., 946 F.2d 1528, 1533, 20 U.S.P.Q.2d 1300, 1304 
(Fed. Cir. 1991). The court also held that the '422 patent was enabled since the specification 
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"described and enabled at least one way of obtaining EPO purified from mammalian cells in 
culture." Id. 

A proper analysis of the Wands factors shows that the claims satisfy the enablement 
requirement. It clear from the amount of direction or guidance presented in the specification, the 
presence of working examples, the state of the prior art, and the relative skill in the art that one 
of ordinary skill in the art would be able to make and use the claimed transgenic bacteria for the 
production of polyhydroxybutyrate-co-polyhydroxyhexanoate, without undue experimentation. 

The issue is whether or not one skilled in the art would know what genes are required to 
make the claimed bacteria, and whether or not it would require undue experimentation to make 
and use the claimed bacteria. As demonstrated by the disclosure and actual working examples in 
the specification, those skilled in the art would know what enzymes are required and would 
either be able to use those publicly available, described in the literature, or obtained without 
undue experimentation using the information provided by Appellants. Unlike in some systems, 
such as eukaryotic cells, genes have been identified by their activities and transferred into 
bacteria, either in plasmids or incorporated into the genome, without the sequence being known, 
for decades. What is important is to know a source for the genes, and what the genes must 
encode. 

As is apparent from the discussion of the recent Federal Circuit decisions, this 
requirement may be different if one is claiming the genes, but in this application, appellants are 
claiming methods of making a polymer using new combinations of known materials, very similar 
to the fact situation in Amgen v. Hoescht, et al, 314 F.3d 1313 (Fed. Cir. 2003). 
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The enzymes set forth in the claims are a phbA thiolase gene, a phbB reductase gene, a 
phbC polymerase gene that encodes an enzyme that polymerizes 3-hydroxybutyryl Co A and 3- 
hydroxyhexanoyl-CoA (claims 1, 6, 7, 14 and 15), a gene encoding a B-hydroxyacyl-ACP- 
coenzyme A transferase (claim 10), a gene encoding a D-specific enoyl-CoA hydratase (claim 
16), three enzymes from C acetobutylicum that form butyryl CoA, a thiolase specific for 3- 
ketohexanoyl CoA, a reductase specific for 3-ketohexanoyl CoA (claim 17), and fatty acid 
biosynthetic enzymes including ACP-CoA transacylase, acyl ACP thioesterase, and acyl CoA 
synthase (claims 18-21). 

The specification clearly discloses how to obtain the genes and enzymes that are used in 
the methods and recites specific publications, which describe these materials in detail. For 
example, on page 1, line 29 to page 2, line 1 1, the specification discloses a number of 
publications, which describe methods for producing PHAs in natural or genetically engineered 
organisms and cites references which also disclose and claim the genes encoding reductase, 
thiolase, and PHB polymerase (claims 1, 6, 7, 14, and 15). In addition, on page 10, line 29 to 
page 1 1, line 2, the specification discloses a number of organisms from which useful PHA 
synthase genes have been isolated. There is also adequate support in the specification for all of 
the claimed genes and enzymes, including a phbC polymerase gene encoding an enzyme that 
polymerizes 3-hydroxybutyryl CoA and 3 -hydroxy hexanoyl CoA (page 21, lines 1 1-15 and 
Examples 2, 3 and 5). Furthermore, the genes and enzymes may be isolated using methods 
commonly known in the art or described in the publications, obtained from the authors of the 
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cited publications, or purchased from commercial suppliers, such as the American Type Culture 
Collection (ATCC). 

Once a gene is identified, it is routine in the art to incorporate the gene into a plasmid for 
transfection of bacteria. PCR methods are well within the skill of one in the art and would not 
require undue experimentation. There also is sufficient direction and guidance given by the 
specification to construct plasmids and express the claimed genes in bacteria, such as E. coli 
(claim 14) (see page 18, lines 15-28 and Examples). Furthermore, the experimental protocols are 
routine in the art and expression vectors, restriction enzymes and ligation enzymes are also 
commercially available. 

Although there is no requirement for examples, Appellants have provided numerous 
working examples which not only demonstrate that one can use the claimed enzymes to produce 
HH containing copolymers, but that one can isolate the desired enzymes with only routine 
experimentation. Example 1, on page 19 of the specification, discusses a routine method used 
for the isolation of specific genes. This Example illustrates the use of PCR to amplify and isolate 
the phaC gene encoding the polyhydroxyalkanoate ("PHA") polymerase enzyme from N. 
salmonicolor chromosomal DNA. Example 2 discloses the construction of plasmids containing 
the A. caviae PHB polymerase gene (pMBXcl2J12) and R. eutropha phbAB genes (pSU18- 
AB1) and cites to two publications, which describe the genes (page 21, lines 24-29). Example 3 
further shows, using the same methods of Example 1, how one would isolate the hbd, crt, and 
bdh genes from C acetobutylicum (claim 17) (see page 22 of the specification). 
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Example 4, at pages 23 and 24 of the specification, clearly illustrates a method of 
isolating the phaJ gene encoding an enoyl-CoA hydratase (claim 16) from chromosomal DNA 
prepared from an A. caviae strain. Specific primers were used in polymerase chain reactions to 
amplify the gene. The sequence of the primers are shown on page 24, lines 9-15. Plasmids were 
constructed and subsequently used to transform recipient E. colt cells. Once transformed, the 
cells express the hydratase gene as evidenced by the production of polyhydroxybutyrate-co- 
polyhydroxyhexanoate containing 2.6% HH comonomer. This copolymer was analyzed via gas 
chromatography as shown at page 24, lines 24-25. 

The enzymes are defined by their substrate specificity. As discussed at page 5, lines 25- 
27, of the specification, "the genes are preferably selected on the basis of the substrate specificity 
of their encoded enzymes being beneficial for the production of the 3HH polymers." The 
substrate, in the presence of its cognate active enzyme, will be readily converted into product 
(i.e. the substrate for another enzyme). Based upon the specification, one of ordinary skill in the 
art will appreciate that the presence, or production, of end-product (i.e. polyhydroxybutyrate-co- 
polyhydroxyhexanoate) is easily measured and characterized using methods well known in the 
art. Page 18, line 29, to page 19, line 10, describes in detail the method of using gas 
chromatography to analyze the polyhydroxyalkanoate produced from the claimed methods. Gas 
chromatography was used in each of Examples 2, 4, and 5 to analyze the final content of the 
copolymer produced (1% HH comonomer, 2.6% HH comonomer, and 1.2% HH comonomer, 
respectively). 
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The ease in which one may assay for the final copolymer product, as described in the 
preceding paragraph, supports enablement for use of the specific enzymes. The presence of the 
copolymer end product will tell the investigator whether or not the overall process of providing 
proper substrate for enzyme catalysis at each step in the copolymer synthetic pathway is 
successful. The genes encoding each of these enzymes can be isolated by using common PCR 
techniques discussed above, or obtained from the ATCC, or through catalogs or as described in 
the literature. All of the claimed enzymes are known and characterized. 

The fatty acid biosynthetic enzymes of claims 18-21 make use of distinctly different 
substrates than those of the other enzymes. The fatty acid biosynthesis pathway requires an 
enzyme activity that converts acyl ACP into acyl CoA, a reaction catalyzed by an ACP/CoA 
transacylase or by the combined action of an acyl ACP thioesterase and acyl CoA synthase. It is 
clear from the specification at page 25, line 20, to page 26, line 12, that the lux system of V. 
fischeri is an ideal tool for easily screening genetic sequences encoding the desired activity that 
converts acyl ACP into acyl CoA. Such a screening tool enables the identification of ACP/CoA 
transacylase, acyl ACP thioesterase, and acyl CoA synthase enzymatic activity. Once the 
activity is identified, the corresponding genetic sequence is easily isolated from the plasmid 
initially used to transform F. fischeri. The sequence is subsequently amplified using well known 
PCR techniques. 

Finally, the Appellants have patents on engineering of bacteria and plants to express PHA 
synthesis genes that issued on patent applications filed more than fifteen years ago. The massive 
amount of prior art clearly demonstrates that the field is not unpredictable, and that once one 
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identifies the enzymes to be used, based on their known substrates and known reaction products, 
it becomes routine to express the genes encoding those enzymes. 
(9) SUMMARY AND CONCLUSION 

The rejection under 35 U.S.C. § 1 12, first paragraph (written description) is improper 
because the specification sufficiently describes the subject matter in the claims. 

The rejection under 35 U.S.C. § 1 12, first paragraph (enablement) is also improper 
because it is clear from the direction or guidance given by the specification, the presence of 
working examples, the state of the prior art, and the relative skill of those in the art that one of 
ordinary skill in the art could make and use the claimed transgenic bacteria for the production of 
polyhydroxybutyrate-co-polyhydroxyhexanoate, without undue experimentation. 
The test for undue experimentation is not merely quantitative, since a considerable amount of 
experimentation is permissible, if it is merely routine, or if the specification in question provides 
a reasonable amount of guidance with respect to the direction in which the experimentation 
should proceed In re Wands, 858 F.2d 731, 737, 8 USPQ2d 1400, 1404 (Fed. Cir.1988). 
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For the foregoing reasons, Appellant submits that claims 1, 6, 7, 10 and 14-21 are 
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Claims Appendix: Claims On Appeal 

1 . (previously presented) A method for the biological production of 

polyhydroxyalkanoate containing 3 -hydroxy hexanoate comprising providing genetically 
engineered bacteria expressing a phbA thiolase gene encoding an enzyme that converts butyryl- 
CoA and acetyl CoA to beta-ketohexanoyl-CoA, a phbB reductase gene that encodes an enzyme 
that converts beta-ketohexanoyl-CoA to beta-hydroxyhexanoyl-CoA 5 and a phbC polymerase 
gene that encodes an enzyme that polymerizes 3 -hydroxy butyryl CoA and-3-hydroxyhexanoyl- 
CoA, wherein the enzymes are expressed in a sufficient amount to produce polyhydroxybutyrate- 
co-polyhydroxyhexanoate. 

Claims 2-5 (Canceled). 

6. (previously presented) The method of claim 1 wherein the phbC polymerase gene is 
incorporated into the bacterial chromosome. 

7. (previously presented) The method of claim 1 for producing a copolymer of 
polyhydroxyhexanoate comprising providing a phbC polymerase gene from a bacteria selected 
from the group consisting of Aeromonas caviae, Comamonas testosteroni, Thiocapsia pfenigii, 
Chromatium vinosum, Bacillus cereus, Nocardia Carolina, Nocardia salrnonicolor, Rhodococcus 
ruber, Rhodococcus rhodocrous, and Rhodospirilum rubrum. 

Claims 8 and 9 (Canceled). 

10. (previously presented) The method of claim 1 wherein the bacteria further comprises 
a gene encoding B-hydroxyacyl-ACP-coenzyme A transferase. 
Claims 11-13 (Canceled). 
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14. (previously presented) The method of claim 1 wherein the bacteria is E. coli. 

15. (previously presented) The method of claim 7 further comprising providing a gene 
encoding a polymerase from a bacterium selected from the group consisting of R. eutropha, 
Klebsiella aerogenes, and P. putida. 

16. (previously presented) The method of claim 1 wherein the bacteria expresses a gene 
encoding a D-specific enoyl-CoA hydratase. 

17. (previously presented) The method of claim 1 wherein the bacteria expresses a PHB 
biosynthetic thiolase, three enzymes from C acetobutylicum that form butyryl CoA, thiolase 
specific for 3-ketohexanoyl CoA, reductase specific for 3-ketohexanoyl CoA, and PHB 
polymerase that accepts both 3 -hydroxy butyryl CoA and 3 -hydroxy hexanoyl CoA. 

18. (previously presented) The method of claim 1 wherein the bacteria expresses one or 
more fatty acid biosynthetic enzymes. 

19. (previously presented) The method of claim 18 wherein the fatty acid biosythetic 
enzymes convert acyl ACP to acyl CoA. 

20. (original) The method of claim 19 where the enzymes are selected from the group 
consisting of ACP-CoA transacylase, acyl ACP thioesterase, and acyl CoA synthase. 

21. (original) The method of claim 20 wherein the enzymes are acyl ACP thioesterase 
and acyl CoA synthase. 

Claims 22- 34 (canceled). 
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AY04G923 2334 bp DNA linear BCT 0S-JUN-2002 

AzospiH 1 lum brasilense acctoacetyl-CoA reductase (phbB) gene, 
complete cds . 
AY046923 

AY046923.1 Cl :21326609 

Azocpirillum brasilense 
A/.o^pi r.i Hum brasilense 

Bacter i a ; Proteobacteria ; Alphaproteobacteria; Rhodospirillales ; 
Rhodospirillaccac; Azocpirillum, 
\ (bases 1 to 2334) 

Kadouri,D., Burdman,S., Jurkcvi tch,E. andOkon,Y. 
Identification and Isolation of Genes involved in 

Poly (beta -Hydroxybuty rate) Biosynthesis in Azospirillum brasilense 

and Characterization of a phbC Mutant 

Appl. Environ. Microbiol. 68 (6), 2943-2949 (2002) 

:>:u>3496& 

12035)753 

2 (bases 1 to 2334) 

Kadouri , D . E . , Jurkevitch, E . and Okon, Y . 
Direct Submission 

Submitted (18- JUL-2001) Department of Plant Pathology and 
Microbiology, The Hebrew University Of Jerusalem, Faculty of 
Agricultural, Food and Environmental Quality Sciences, Rehovot 
76100, Israel 

Location/Quali f i ers 

1. .2334 

/organism= "Azospirillum bras i 3 ense" 

/strain="Sp7" 

/db_xref = " taxon : 192 " 

1. .2334 

/gene= M phbB" 

1..2334 

/gcnc="phbB M 

/ codon_s t a r t = 1 

/transl_table=l 1 

/product="acctoacetyl-CoA reductase" 
/protein_id= "AAL03 yv 9.1" 
/db_xref= H GI = 2132661 0" 
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ADAIVCRPMGIPKTGVFGLVDLVGLDLMPHIAKSLLATLPKNDPYRAAFREHPVITKM 
IAEGYTCRKCKCGFYRLNRDGGAKVKEAIDLTTGAYRRSDKPKLESVSAAGRDLRALA 
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KRASKPVWKNGSASLWDIGDGVIjCVEPTSKMNALDGDVMAAYGKAMKLTGDCKGDWKA. 
LVIHNEAONFSVGANLGLAIiFALNVGUWPQIEELVEGGQRAYRALKYAPFPVVSAPSG 
MTOjGGGCEILLHSDHVQAHAETYMGLVEVCVGLIPGWGGCTEMLJUIHAANPKTPKCPM 
P P I AG AF ETI S L AKV AKS AAE AKDLL YLR PCDC I TMNRDRLLAD A KAKALE L AAN YT P 
PVKVTYTLPGPNGRAALKLFLEGFALQGKATPHDMVVCGKLAGILTGCPKADVTQPVT 
EDQM LALERKAFMELVRTEGT 1 DRVEHMLTTGKPLRN " 

1ASE COUNT 384 a 822 C 793 g 335 C 

JRIGIN 

1 atgeagatea aacgcgccgc cgcgatcggc tccggcgtga ngggcagcgg catcgccgcc 
CI catttcgega acgccggcat ccccgtcgtc ctgctcgaca tccccgccaa ggagggtgac 
121 gaccgcagcg ccatcgccaa gggggecate cagaggctcc tgaagaccga ccccgcgccc 
181 ttcatgcacc egaagaaege ccggctggtg actccgggca atctggagga cgaccncgcc 
241 ctgctggccg aegtcgactg gatcgecgaa gccatcgtcg agaacccggc ggtcaaggee 
301 gacctctacc gccgcatcga cccggtgcgc aaggeggget ccgtggtgtc gtccaacacc 
361 tcgaccatcc cgctgggcgn gctggtcgag gggcagcegg acgccttcaa gcgcgacttc 
421 ctgaccaccc acttcttcaa cccgccgcgc tacacgcggc ttctggagat cgtcggtggc 
481 gaggccaccc ggcctgacgc gctggccgcc gtcgccgacg tcggcgaccg cgcgccgggc 
541 aagggcgtgg cccgctgcaa ggacacgccg ggcctcatcg ccaaccgcat cggcgtctac 
601 tggatccaga eggegatcaa cgccgccgtc gaccccggcc tgacggtgga ggaggecgae 
661 gecattgegg gccgccccat gggcaccccg aagaccggcg cgctcggtct ggtcgaccnc 
721 gtcgggctgg acctgatgcc gcacatcgcc aagagcctgc tggcgacccc geeggagaac 
781 gacccctacc gcgccgcctt ccgcgagcac cccgtcatca ccaagatgat cgcggagggt 
841 tacaccggcc gcaagggcaa gggcggcccc taccgcctga acegggaegg cggcgccaag 
901 gtcaaggagg ccaccgacct gaccaccggc gcccaccgcc gctccgacaa gecgaagctg 
961 gagagcgtgt ccgccgccgg gcgggacctg cgggcgttgg ccgacttccc cgacaggacc 
1021 gggcaatacg cccgccgggt gccggcccac acgctggcct acgccgcgtc gctggtgccg 
1081 gagatcgecg atagcatcgt cgcggtcgac gagggcatgc ggcctggcta caactggaag 
1141 caggggcett tcgagctgat cgaccggctg ggcaccgcct ggttcgccga cctctgccgc 
1201 agegagggea tccccgtccc gccgctggtc gagcaggecg ccgggcggcc cccctaccgg 
1261 gtggaggacg gcaagctcca gcatctgacc accgccggcc tctatgacac ggtggtgcgt 
1321 ccggacggcg ttccgccgct gteggacate aagcgggcgt cgaagccggc geggaagaac 
13B1 ggctcggcca gcctgtggga catcggcgac ggtgtgctgt gcgccgagtt caccagcaag 
1441 atgaacgege eggaeggega tgtcatggcc gcccacggca aggegatgaa getgategge 
l!>01 gaeggaaaag gggattggaa ggcgctggtc atccacaatg aggecgacaa cttctcggtc 
1561 ggcgccaacc tcggcctcgc cctgttcgcc ctgaatgtcg ggcrgtggcc gcagaccgag 
1621 gagctggegg agggeggeca gcgcgcctac cgcgccctga agtatgcccc cttcccggtg 
1681 gtgtcggcgc ccagcggcat ggcgctcggc ggcggccgcg agatcctget gcactccgac 
1741 catgtgcagg cccacgccga gacctacatg gggctggccg aggteggegt egggctgate 
p. 1801 cccggctggg gcggttgcac cgagacgccg gcccgccacg ccgccaaccc gaagactccc 
1861 aagggtccga cgccgccgat cgccggggcc ttcgagacca tcagcctcgc caaggtcgcc 
3 921 aagteggegg eggaggecaa ggacctgctg tacccgcgcc ccggcgacgg catcaccatg 
1981 aaccgcgacc gcccgctggc cgacgccaag gccaaggcgc tggaactggc cgcgaactac 
2041 accccgcccg tgaaggtcac ctacacgctg cccggcccca acgggcgcgc cgcgctggag 
2101 ctgctcctcg aaggcttege gttgeaggge aaggegaege cgcacgacat ggccgtctgc 
2161 ggcaagctgg ccggcatcct gaccggcggc ccgaaggccg acgccaccca gccggtgacc 
2221 gaggaccaga tgctggcgcc ggagcgcaag gecttcatgg agctggtgcg caccgagggc 
2281 accatcgacc gggtggagca cacgccgacc accggcaagc cgctgcggaa ccga 
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.OCUS AB085816 9116 bp DNA linear BCT 26 -MAY-2002 

DEFINITION Pseudomonas putida phbC, phbA, phbB, flp, orf5 genes, complete cds. 
ACCESSION AB085816 

/ERSION AB085816.1 GI:21218116 

KEYWORDS 

SOURCE Pseudomonas putida 

ORGANISM Pycudomonacs putida 

Bacteria ; Protcobacceria ; Gammaproteobacter ia ,- Pscudomonadales ; 
Pseudomonadaccac; Pceudomonas . 
REFERENCE 1 

AUTHORS Beijiu,C. and Suwen,Z. 

TITLE PUB synthesis genes in Pseudomanac sp 

JOURNAL Published Only in Database (2002) 
REFERENCE 2 (bases 1 to 9116) 
AUTHORS Beijiu.C. and Suwen,Z. 
Ti.TL.fc: Direct Submission 

JOURNAL Submitted (26-MAY-2002) Chen Beijiu, Anhui Agriculture University, 
Life science; 130# Changjiang west Road, Hefei, Anhui 230036, China 
(E-mail : SwiShu@mail.hf.ah.cn, Tel : 8655128237953464) 
FEATURES Location/Qualifiers 
source 1..9118 

/organism= M Pseudomonas putida" 
/db_xref = n taxon: 303 " 
ejeno 1344 . .3170 

/gcnc^'phbC" 
ClX<i 1344.. 3170 

| /gene="phbC w 

/codon_scart=l 
/transl_tablc=ll 
/product«"PHB synthase" 
/protcin_id=*"BAB96552 . "1 " 
/db_xref="GJ : 21218117" 

/ 1 ranc 1 a t i on= " MAPTAAMPQRRQRHRP IRS P LSQAVPGMPAAPFAM PTVPDFAKL 
CTMPDFSKLAGSMPGFGAAMPAMPAMPQIPGAAIAPERLQQLQGDYSRDVIDLLKQAS 
AQS IDPAALKDRRFSTTAWQSTPAYAFTAAWYLLNARYLQELADAVEADPKTRERIR F 
TVQQWTATUVSPSNFLAFNPEAQQTLIESKCESLRQGMLNLLHDMQRCKISQSDESRFV 
VCJ<NIATTEGSWFENDLLQL IQYKPHTEEVFERPLL IVPPCINKFYILDLQPQSSLV 
AHALDACHQVFILSWRNADQSIAHKTWDDYVQEGVLDPIEAVKAITGREQINTLGFCI 
GGTILATALSVAAARGEHPAASMTLLTAMLDFSDTGVLDVFVDEAHVQMREQTIGGKG 
GTPTGLMRGFEFANTFSYLRPNDLVWNYWDNYLKGATPQAFDLLFWNSDSTNLPGPM 
CVWYLRNTYLENKLREPGKVTTCGEPVDLSRIDVPTF1YGSREDIIIVPWTSAYASAPL 
LAGPQKFVLCASGHIAGVINPPAKNKRSKWILDTDDKALPADPDAWLEAATEHPGSWW 
PTWTAWLDGYAC KKTKAPAAPGS KQ YPV7 EPPPGR YVLQRDQ » 

gene 3250.. 4431 

/gene="phbA" 

CDS 3250.-4431 

/gene="pobA" 



http://www.ncbi.nlm.nih.gov/^^^ 12181 16&dopM3... 3/7/2003 
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/codon_start=l 
/transl_table="M 

/product-" acetyl - coa a cetyltransf erase " 
/prot:ein_id»"BAB96553 . 1 " 
/db xref ="01:21218118" 

/trans lat ion- "MTDWIVGAARTAVGKFGGSLAKIAAPELGATVTRAVLERANLK 
PEQVSEVIliGQVLiAAGSGQNPARQSLIKAGI»PSAVPGMTINKVCGSGLKAVMLAANAI 
IAGDADIVIAGGQBNMSAAPHVLMGSRDGFRMGDAKI.IDSMIVDGLWDVFNQyHMGTT 
AENVAKEYGISREDQDKFAALSQNKAEAAQKGGRFNEEIVSVDIPQRKGDPVKFATDE 
FVRHCVTAEALASLKPAFSKEGTVTAANASCLNDGAAAVIVMSAKKAEALGLTPLARI 
KAYANAGVDPKVMGMGPVPASKRCLERAGWSVCDLDLMEINEAFAAQALAVHKQMGWD 
TSKINVNGGAIAIGHPICASGCRILVTLLHEMQKRDAKKGLASLCIGGGMGVALAVER 

P" 

gene 4519.. 5259 

/gene="phbB" 
CDS 4519. -5259 

/gene=»phbB" 
/codon_Gcart=l 
/transl_table=il. 

/product- "acetoacety 1 -CoA reductase " 
/protein_id="BAB96554 . 1" 
/db_xref ="Gr :2l21B119" 

/ 1 r ans 1 a t ion= "MTKR J AY VTGGMGGIGTS ICQRLHKDGYTVVAGCGPNSPRRVKW 
LEEQKANGYDFIASEGNVGDWESTKNAFDKVKAEVGEVDILVNNAGITRDWFRKMT1I 
EDWTAV I DTN LTSLFNVTKQ WDGMVERGFGR I IN ISSVNGQKGQFGQTNYSTAKAC I 
HGFTMALAQEVATKGVTVNT VS PGY I GTDMVKAIRPEVLE Kl VAT I PVRRLGRPDE IG 
S I VSWLASEESGFSTGADFSLNGGLHMC « 
gene 6070. .7680 

/gcnc= M flp M 

CDS 6070. .7680 

/ gene= "flp" 
/codon_start^l 
/transl_table=n 

/product^ "putative f ructokinasc-like protein" 
/ protc i n_i d= " BAB 9 6 55 5.1" 
/db_xref=»GI: 2 121812 0" 

/ n r an s 1 a t i on = " MRCG PAAP V P P LRCT VQ Y ALC S AAII PANHRR E AG N AftQC PNR P L 
V PAPRATALVIRAFSGRAPSRSTPGPGTHFARPSMSHI SSSAAPKVGFVSLCCPKALV 
i DSEQI ITQLR AECYEISGTYDGADLVWNTCGFIDEAVQESLDAIGEALNENGKVI VT 

[ KLTPRHYAYLKI SEGCNHRCTFC 1 IPSMRGDLVSRPVADVMLEAJtS lHS^KEI^I 

P SQDTS AYG VD VK YRTGFWNGKPVKTRMTDLVG ALC E LAAQYGAWVRLHY VY P Y PS VDE 

VI PMMAEGALKGH VLPYLDV P FQHAHPEVLKRMKRPANAE K VLERVQAWRKICPDLT I 
RSTF1ACKPGETEEQFETLLDFIRV7U5LDRVCCFAYSPVEGASANELDCALPDEVREE 
RRARFMELAEELSAARMKRKIGKTLKVLVDEVNAPCC1CRTAADAPEIDGVVY1APAV 

KASRRYKAGDFVSVKISGADGHDLWGEV" 
gene 7684. .8607 

/gene= M orf5" 
CDS 7684 . . 8607 

/gcnc^'orfS" 

/codon_start=l T 
/transl_tablc=n 

/product="putative fructokinaae like protein" 

/proccin id* M BAB 96 55 6 - 1 " 

/db_xref= M Cl: 21218121" 

/translations "MTCMPQVLALGEAMIEFNQSTKGAPNYLQGFGCDVSMFLIAASR 
QCASSGFVSAVGNDHFGQLLL.DLWRAENVDTSTVRVDANAPTGVYFVSHCESGHRFDY 
LRAGSAASRYAVSDLPLDAIAAAQVVHLSGISLAIGVPACDASLAAIDHAKRHCVKVS 
FDTNLRLKLWPLARARAVMLEAIRATDICLPSWDDVTELTGLADKDAIVDFLLALGPK 
p, VVALKLGICEGAYVATPAER RVVAGRWKAVDATCACDCFGGAF I ARI VAGDDPFAAAR 

E.http://w^^ 3/7/2003 
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YANVAAALSTQCFCAVAPIPDRATVEKAIiAE " 
ASE COUNT 1669 a 2895 c 3089 g 1465 C 

ftlGIN 

a ccgggcccgc cttcgcaggc tgcgcagccg gtcaaggccg acgcgagcgt gaccgggagc 
61 acgggcgcgg tgtgcgtcgt gatggnggcg gactgcctgc cggcgctctt gcgcgacgag 
121 tccggacgcg cggtcggcgc ggcgcatgcg ggctggcggg gcctggccgc gggtatcgtg 
181 gagaagacgg ccga.ccgggt ggccacgcnc gccggcgcca gcacggcgag cccgcatgcg 
241 tacctcgggc cggcgatcgg cccggcggcg ttcgaagtgg gcgaggacgt gctcgacgcg 
301 ttcgtctcgg ccgccgatgc cgcgcagcgc gacgcgaccg ccggcgcctt cacgcgggcg 
361 caggcgccgc acaagtactt ctcggacatc tatgcgcccg cgcggctgcg gcttgcagtc 
421 gcgggcgccg accccgcgcg cgtgcagggc ggcacgcact gcacggccac cgagcgcgaa 
481 cgcttctatt cgtatcggcg ggaccgcgtg acgggccgca tggccgcgat gatctggctc 
541 gccgactgaa acctgccgcg cccgggggcc gcccacgcga aagggttgcc cgggcattgc 
601 gaagcggccc cacccggcat cgagcgatct aaggcggcat caagcggcgg catcgagcga 
661 tctcaggcgg catcaagcgg cgccaagcgg acttcaggcg gccttttatc ggccgcgagc 
721 ggatttgtca gacacggttt cgcgaatccc gggtgaccgc acccggaatc ccgcttcgac 
701 cggcacgccg taccggccgg gggttttctg cactgctcga etccggttga tattccgcgt 
841 ccgcgcagcg tccgcgaggc cccggcccgc cgacgggaag ggccgtgcac gcgtgctcac 
901 ggaagatgaa atgaccgcat ggggaaaacg ataattaaaa aaatatcgca ctgcggcaaa 
961 atcggggcaa agcattgaca tgcctgatcc tcgggagcaa gaatgttccc ggaatgtcaa 
1021 atatcgggca cgacgtggca aggtcacctt ccaccgcgca gcagcgcgcc gcattgcgcg 
1081 ctggtctcgg cgagccccac acagcgcctg caacagcaat cagtctttcg agactcacag 
1141 gtcaaaagcg ggtatggctg cctccaaaac ttcttcttca tcttcccgcc cagataccgc 

12 01 cgacagcaca tcggccggaa cgcgtcccgc cgacacggcc ggcgtgcagc aagtgttcga 
1261 gcaatggctc aacgcatggc gttcggtcgc cgaticcgtca cagtggacga cgctcgcgca 
1321 gcaggcgcag ccgggtcagc cgaatggccc cgacggcggc aatgccgcag cgtcggcagc 

13 81 ggcatcggcc aatccgcccg ccgctttcgc aagccgttcc cggaatgccg gcggcgccgt 
1441 tcgcgacgcc gacggcgcct gaccccgcga agctcggcac gatgcccgac ttctcgaagc 
1501 tcgcgggcag catgcccggc ttcggcgccg cgacgccngc catgccggcg atgccgcaga 
1561 ttccgggcgc ggccatcgcg ccggagcgtc ttcagcagtt gcagggcgac tattcgcgcg 
1621 acgcgatcga cctgctcaag caggcgagcg cgcagagcat cgaccccgca gcgcngaagg 
1681 accggcgcct cagcacgacg gcgcggcagt ccacgccggc ttacgcgttc acggccgcgt 
1741 ggtatctgct caacgcgcgc tatctccagg aactcgccga cgccgtcgag gccgatccca 
1801 agacgcgcga gcgcatccgc ttcacggtgc agcagtggac ggccgcggcc ccgccgagca 
1861 occccctcgc gtccaacccc gaagcgcagc agacgctcat cgagagcaag ggggagagtc 
1921 tgcgccaggg catgctgaat ctgccgcacg acacgcagcg cggcaagatc tcgcaatccg 
1981 acgagtcgcg ccccgtggtc ggcaagaaca tcgcgacgac ggaagggtcg gtcgtgttcg 
2041 agaacgaccc gccgcaaccg atccagcaca agccgcatac ggaagaagtc tccgagcggc 
2101 cgctcctgat cgtgccgccg tgcatcaaca agtcctacat cctcgacctg cagccgcaga 
2161 gcccgctcgt cgcccatgcg ctcgatgcgg gccatcaggfc gcecatcctg tcctggcgca 
2221 acgcggacca gtcgatcgcg cacaagacct gggacgacta cgtgcaggaa ggcgtgcccg 
2281 atccgatcga agccgtcaag gcgatcaccg ggcgcgagca gatcaacacg ctcggctttt 
2341 gcatcggcgg aacgatcctc gctaccgcgc tttcggtggc ggcggcgcgc ggcgagcacc 
24 01 cggcggcgnc gacgacgctc ctcaccgcga tgctcgactt ccccgacacc ggcgtgctcg 
2461 acgtcttcgt cgacgaggcg cacgtgcaga tgcgcgagca gacgatcggc ggcaagggcg 
2521 gcacgccgac cgggctcatg cgcggcctcg agttcgcgaa cacgttctcg tacctgcgcc 
2581 cgaacgatct ggcgcggaac tacgtcgtcg acaactacct gaagggcgca acgccgcagg 
2641 cgttcgatct gctcttctgg aacagcgacc cgaccaatct gccggggccg atgtgcgtct 
2701 ggcacctgcg caacacgtat ctggaaaaca agctgcgcga gccgggcaag gtcacgacgc 
2761 gcggcgaacc ggtcgatccg tcgcgcatcg acgtgcccac tCCcatctac ggttcacggg 
2 821 aggaccatat cgtgccctgg acgtcggcgt acgcgtcggc gccgcccccc gccgggccgc 
2 881 agaaattcgc gctcggcgct tcggggcaca Ctgcgggcgt catcaacccg ccggcgaaga 

2 941 acaagcgcag cttctggatt ctcgacaccg acgacaaggc gttgccggcg gacccggacg 

3 001 cctggcccga agccgcgacg gagcatccgg gaagctggtg gcccacctgg accgcttggc 
3061 tcgacggcta cgcgggcaag aagacgaagg cgccggcggc gcccgggccg aagcagtacc 
3121 ctgtcatcga gccgcccccc ggccgctatg tgctgcagcg tgaccagtaa ccgtttcgtc 
3181 gtccggccgt gcgcgacgcg cgcggcacga cgaccccgct ttaacattcg ctgccagagg 
3241 aaactgaaaa tgaccgacgt agtgatcgta tcggccgcac gnaccgcggt cggcaaattc 
3301 ggcgggtcgc tcgcgaagat cgcagcaccc gaactgggcg caaccgtgat ccgcgcggta 
3361 ctcgogcgcg cgaacctgaa acccgagcag gcgagcgaag tgatcctcgg ccaggtgctc 
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3421 gccgccggct ccggacagaa tcccgcacgc cagccgccca teaaggeggg gctgccctcg 
34 81 gccgntcccg gcatgacgat caacaaggtc tgcggcccgg gectgaagge ggtgatgctg 
3541 gcggccaacg cgatcatcgc aggcgacgcc gacatcgtga tcgccggtgg ccaggaaaac 
3601 atgagcgccg cgccgcacgt gctgatgggc ccgcgcgacg gettnegcat gggcgacgcg 
3661 aagctgatcg actcgatgac cgtcgacggc ctgtgggacg tgttcaacca gtaccacatg 
3721 ggcacgaccg ccgagaacgt cgcgaaggaa taeggcatet cgcgcgagga ccaggacaag 
3781 ttcgcggcgc tetegcagaa caaggecgaa gccgcgcaga agtcgggccg ccccaacgag 
3 841 gagatcgtgc eggtcgacat tccccagcgc aagggagacc ccgccaagtt cgccaccgac 

3 901 gaattcgtgc gccacggcgt gaeggecgaa gcgctcgcga gcctgaagcc cgccttctcg 
3961 aaggaaggca eggtgaegge cgccaacgca ccgggccnga acgacggcgc ggccgccgtg 
4021 ategegatgt eggegaagaa ggccgaggcg ctcggcccca cgccgctcgc gcgcatcaag 
4061 gcccacgcga aegegggegt cgatccgaag gtgatgggca cgggcccggt gccggcatcg 
4141 aagcgctgtc cggagcgcgc gggctggccg gtgggtgatc ccgaccngat ggagatcaac 
4201 gaagcgttcg cggcgcaggc getcgeggtg cacaagcaga tgggctggga caegtcgaag 
4261 ateaaegtea acggcggcgc gatcgegate gggcacccga ccggcgcgtc cggccgccgg 
4321 atcctcgtca cgctgctgca egaaatgeag aagcgcgatg cgaagaaggg cctggcgtcg 
4381 ctgtgtatcg geggeggcat gggcgtggcg ctggcggccg agegtcegta agagegaagg 
4441 ecagaaeggg caagggecag gcgggaagcg cacgggcagc aggegggege ttcccgcata 
4501 acgaaaatgg agtgaggaat gaegaaaege atagegtacg tgaegggegg catgggegge 
4561 attggcacaa gcacctgcca gegtctgeat aaggaegget ataeggtegt cgcgggttgc 

4 621 ggcccgaact ctccgcgccg ngtcaaatgg ctcgaggaac agaaggegaa eggctatgae 
4681 nccatcgcgt ccgagggcaa cgccggcgac tgggagtcca ccaagaacgc cttcgacaag 
4741 gtgaaggccg aagteggega ggecgacacc ctggtgaaca aegegggcat cacgcgcgac 
4 801 gtcgtgttcc gcaagatgac gcacgaggac tggacggccg tcatcgacac caacctgacg 
4 861 agcctcttca acgtgaccaa gcaggtggtc gaeggcaegg tggagegegg tcccgggcgg 
4 921 atcatcaaca tttcgtcggt gaacggccag aaggggcagc tcggccagac gaaccacccg 
4981 aeggegaagg ccggcatcca cggcttcacg atggcgctcg egcaggaage ggcgaccaag 
t»04l ggcgtgacgg tcaacaccgt gccgccaggc tatateggea cggacatggt caaggegate 
5101 cgccccgagg tgctggagaa gategtcgeg aegattcegg cgcgccgtct cggccgcccg 
5161 gacgagatcg getcgategt gtcgtggctg geaceggagg aategggett ctcgaccggt 
•5221 geggacttet cgctcaacgg cgggctgcac atgggctgac gggcggtggc tcgcgcggcc 
52 81 cggaaccgcg cgagccgtca ettgeeggaa aacgaacegg cggcaacgct etatgegtea 
5341 aegcaggaca cgtttgctgc caccgcagta aggttttgcg tttaaaggcg ttaaatgacc 
5401 actactacta caaagaaacc cgccgaacga ctcactaaaa agtatccaaa ccgccggcta 
5461 cacgataegg aaacgagcac ctacatcacg ctttccgacg tgaagcagct cgtgctggat 
5521 caggaagact tcaaggtgat ggacgcgaag tccaacgacg acctgacgcg cagcaecccg 
5581 ctgeagatea tcctcgaaga ggagagegge gggctgeega tgttctcgcc ggtgatgctt 
l>641 tegcagatea teegtttcta cggccatgcg atgeagggea ngatgggcac gtatcnggaa 
5701 aagaacatcc aggegttcat cgacacccag cagaagctca ccgatcagag caagggcccc 
5761 tacgaeggea atgcgctcaa ccccgaagtc fcggtcgcagt tcatgaacat gcaggcgccg 
5821 atgatgeagg gcatgatgac gagenacate gagcagtcga agaacatgtt cgtgcagatg 
5881 caggagcaga cgcagccgca ggegaagteg aegttcaaca cgtccccgtt tccgccgccc 
5941 gccacgccgc etteggaaaa gaagtaatcg ttctcaggcg tetcgegaag ggtccgcggc 
6001 gggcgaaccc getgatttge acgcgccgcg cccggcgcgg cccgcggccg cgcagaccgc 
6061 gggccgtcca tgcggtgcgg gccggcggcg ccggtgccgc cgttgcgcgg caeggtacaa 
6121 catgcccttt gcagcgcggc gcacccggcg aatcategge gggaagcagg aaatgegegg 
6181 cagcgtccga atcgtccgcc ggttccggca ccgcgcgcca ccgcgctcgt tattcgcgcc 
6241 ttttccggcc gcgcgccttc gcgctccacg cccggcccgg gcactcactc cgccagacca 
6301 cctatgtcgc acatttcccc ttcagccgcg ccgaaagtcg gcttcgtgtc gctcggctgc 
6361 ccgaaagccc tegttgatte cgagcagatc atcacgcaac tgcgcgcgga gggccacgaa 
6421 atetegggea cccatgacgg cgccgatctc gtggccgtca acacccgcgg cttcaccgac t 
64 81 gaagccgtgc aggaaagect cgacgccacc ggegaggege cgaacgaaaa eggcaaggtg 
6541 atcgtgaccg gctgccccgg cgcgaagaag agegegageg geaegggget catcgaggaa 
6601 gtgeatcega aggngctege ggccaccggc ccgcacgcca ccaatgaggt gatgaacgeg 
6661 gcgcacgcgc atttgecgaa geegcatgat ccgttcaccg acctcgcgcc cgccgcgggc 
6721 atcaagctca cgccgcgcca ntacgectat ctgaagattt eggaaggctg caaccaccgc 
6781 tgcacgcccn gcatcattcc gtzcgatgcgt ggcgacctcg tgncgcggcc cgtcgcggac 
6841 gtgatgctgg aagcggagaa cctcttcaag tcgggcgtga aggaactget cgtgatctcg 
6901 caggacacga gcgcccacgg cgtcgacgtg aaataccgea caggttcctg gaacggcaag 
G961 ceggtcaaga cgcgcatgac ggatctcgtc ggcgccctgg gcgagctggc cgcgcagtac 

hllp://ww.ncbi.nlmj^ 3/7/2003 
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7021 ggcgcgtggg tgcgcctgca ctacgtgtac ccgtatccga gegtcgaega agtcattccg 

7001 atgacggccg aaggtgcgtt gaaggggcac gtgctgccgc atetcgaegt gccgttccag 

7141 cacgcacacc cggaagcgcc gaagcgcatg aagcgcccgg cgaacgccga aaaggtgctg 

7201 gagcgcgtgc aggcccggcg caaaatctgc ccggacctga egattegcag cacgcccatc 

7263 gcgggcttcc egggegagae cgaagagcag nccgagacgc tcctcgactt catccgcgcc 

7321 gccgacctgg accgcgttgg ccgccccgcg cactcccccg tggagggege gagegegaac 

7381 gagctcgacg gtgcgctgcc cgacgaagtg cgegaggage gccgcgcgcg cttcatggaa 

7441 etcgeggagg agetgtegge ggcgcgcatg aagegcaaga teggcaagae gecgaaggtg 

7»i01 cccgccgacg aagegaaege ggaeggegge atcggccgca ccgcggcgga tgcgccggaa 

7561 ategaeggeg tggtgtacat cgcgccggct gegaaggege ccaggcgcta caaggeggge 

7621 gatttcgtgt eggtgaagat ttcgggcgcc gaeggtcacg acccccgggg cgaggtgtaa 

7681 accatgaccg gcacgccgca ggttctcgcg cteggegagg cgatgatcga gcccaaccag 

7741 tccaccaaag gtgcgccgaa ccatccgcag ggcttcggcg gcgacgtctc caacttcccg 

7801 ategeggegt cgcggcaggg cgcctcgagc ggcttcgtgn eggeggtegg caacgaccac 

7861 ttegggcaac tgetgetega tctgtggcgt gcggagaacg tcgacacctc gacggntcgc 

7921 gtcgatgega acgcgcccac eggggtctat ttcgtgtcgc aeggtgagag cgggcatcgc 

7981 ttcgactatc tgcgtgccgg cccggcggcg ageegctatg ccgtgtccga cttgccgctc 

8041 gaegegateg ccgccgcgca ggtcgtgcac ctgtcgggca tcagcctcgc gateggegtg 

8101 ccggcctgcg acgcgtcgct tgcggccatc gatcacgega agcgccacgg cgcgaaggtg 

8161 agcttcgaca cgaacccgcg cccgaagccc cggccgctcg cgcgggcgcg cgccgtgacg 

8221 ctggaggcga tccgcgcgac cgaeatctge ctgccgagct gggacgacgt gaccgaattg 

82 81 accggcctcg ccgacaagga cgcgatcgtc gatttcctgc tcgcgctcgg accgaaggtc 

8341 gtggcgctca agcccggcaa ggaaggcgcg cangtcgega cacccgccga gcggcgcgtg 

8401 gtcgcgggcc gcgtggtcaa ggcegtcgat gcgacgggcg ccggcgaccg cttcggcggc 

8461 gcgttcatcg cgcgcatcgt cgcgggcgac gacccgttcg cggccgcgcg ccacgcgaac 

8521 gccgcagcgg cgcngncgac gcagggcttc ggegeggteg cgccgattcc cgatcgcgcg 

8581 acggtggaaa aggcgctcgc ggagtaagtc cgegggcagg accaaegggg cggcaacggc 

8641 ccgatacgcg agggagaegg caaaatgeaa cgcgaagtgg cageggegag cggtgttcgc 

8701 accgcaatcg gegatttegg cggtgcgctg aaggacttca gcccgacgga nctcggcgcg 

8761 cgcgccgtgc gcgaggtgct gaagcgggcg agegtategg gcgacgagat cggccacgtg 

8821 gtgttcggca aegtgatcca gaccgagccg aaggacatgt anctcgcgcg ggtggccgcg 

88B1 ctcgatggcg gcgtcacgca gcacgcgccc gcgctgaccg tgaaccgccc ccgcggcccg 

8941 ggcccgcagg cgatcgtgtc ggcggcccag tcgatcctgc tcggcgacac cgatatcgaa 

9001 ttcctgcagc cegggggate cactagttct agageggecg ccaccgcggc ggagctccag 

9061 cttccgtrtzcc ctttagtgag ggttaatttc gagcttggcg taatcatggt catagege 
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Links 
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JEFINITION 

wCCESSION 
'ERSION 
KEYWORDS 
IOUHCR 
ORGANISM 



1EKERENCE 
AUTHORS 
TITLE 



JOURNAL 
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AUTHORS 
TITLE 
JOURNAL 

REFERENCE 
AUTHORS 
TITLE 
JOURNAL 



^REMARK 
RAIMENT 
L'EATURES 
r source 



gene 



AF0984^9 2829 bp DNA linear BCT 10-JAN-2003 

Rhodobacter sphaeroides poly-3 -hydroxybutyric acid synthase (phbC) 
gene, complete cds - 
AF098459 AF104265 
AF098459.2 Git 27*573537 

Rhodobacter sphaeroides 
Rhodobacter cphaeroa do« 

Bacteria ; Proteobactc c ia ; Alphaproteobacteri a ; Rhodobacteralec ; 
Rhodobacteraccao; Rhodobacter . 

1 (bases 1 to 2829) 
Kim,J.-H. and Lee,J.K. 

Cloning, nucleotide sequence and expression of gene coding for 
poly-3 -hydroxybutyric acid (PHB) Bynthase of Rhodobacter 
sphaeroidec 2.4.1 

J. Microbiol. Biotechnol. 7, 229-236 (1997) 

2 (bases 1 to 2829) 
Kim,j.-H. and Lee,J.K. 
Direct Submission 

Submitted (7 3 -OCT-1998) Life Science, Sogang University, Mapo, 
Shin-su Number 1, Seoul 121-742, Korea 

3 (bases 1 to 2829) 
Kim, J. -II. and Lcc,J.K. 
Direct Submission 

Submitted (04-NOV-1998) Life Science, Sogang University, Mapo, 
Shin-su Number i, Seoul 121-742, Korea 
Nucleotide sequence update by submitter 

On Jan 10, 2003 this sequence version replaced gi : 3 860090. 
Location/Qualifiers 
1. .2829 

/organism= " Rhodobacter ephaeroides " 

/strain='»2,4.1" 

/ db_x r e f = M t axon ; 1 0 6 3 • 

342.. 2147 

/gene= M phbC" 

342.. 2147 

/geneo"phbC" 

/note="PHB synthase" 

/codon_start=l 

/transl_table=ll 

/product»"poly- 3 -hydroxybutyric acid synthase" 
/protein_id="AAC72 974 . 1" 
/db_xref=»CI: 3860091" 

/ translation^ "MATEEQSPCSCRDAQFERLNANLTRIDELSKRLTAALTKRKLSD 
PALHGPSGDVFLKAMTAYMAEMMQNPAKILEHQISFWGKSLKHYVEAQHQLVKCKLKP 
PPDVTPKDRRFSNPLWQTHPFFNYLKQQYLMNAEAVNQAVEALEHIEPSDKKRVEYFS 
RQIVDLKSPTNFFGTNPDALERAIATDGESLVQCLENLVRDIEANNGDLLVTLADPEA 
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FQVCQWLATTEGSWYRNRMFELIQYKPTTETVHETPLLIFPPWINKFYILDLKPQNS 
X.LKWLVDQGPTVFWSWVNPDKSYAGIGMDDYTFECyMRAMMVRSITRQKQINAVGY 
CI AGTTLTLTLAHLQKACDPS VRSATFFTTLTDFSDPGEVC VFLNDDFVDG I ERQVAV 
DGILDKTFMSRTFSYLRSNDLIYQPAIKSYMMGEAPPAFDLLYWNCDGTNLiPAOMAVE 
YLRGLCQQDRIAGGTFPVLGSPVCLKDVTLPVCAIACETDHIAPWKSSFNCKRQFGST 
DKTFILSQSGHVAGIVNPP5RNKYGHYTOECPACTPESPREGAEFHAGSWWPRWCAWL 
AE RSC KQVPARQPGDS KHPE LAPAPGS YVAAVGG A 11 

1ASE COUNT 560 a 319 C 888 g 462 t 

)RIGIN 

i gtcgaccagg tgaccctgcc ctccgtcgcc cacgatcgag cggatgcccc agtegggett 
61 ggcgaccatg egggegaage tgcgctctgt cacctcgccc caggcggccg tcagtgccag 
121 categgatte atcgagagag egaacaaegg ataagaggee attgeccttg cggtcgcgcc 
181 cagccactcg ttggtgttgc gcgcactctc catgaegtea taggttgtca tatacttcan 
241 aggtatccct gcccggtgga ggcgctgtgc tectgeagtt ctccccccag aggcaggege 
301 aegatgetge atggcagcat acacaggggg gacaagtcaa tatggcaacc gaagagcagt 
361 ctccgggttc cggccgcgac gcccagtccg agegtctgaa cgcgaatctc acccgcatcg 
421 acgagctgtc gaaacggctg acggccgctc ccacgaagcg caaactgtcg gaccccgcgc 
481 ngcacgggcc ctcgggcgac gtcttcctga aggegatgae ggcctiacatg gecgagatga 
541 tgcagaaccc ggccaogacc ctcgagcatc agatcagttt ctggggcaag agectgaaac 
601 attaegtega ggctcagcac cagctggtga agggegaget gaagccgccg ccggacgtga 
661 cgccgaagga ccgccgcttc tcgaacccgc tctggcagac gcatcccttc ttcaactatc 
721 tcaagcagca gtatctgatg aacgecgagg eggtgaatea ggcegtcgag gcgctggagc 
781 atatcgagee gtccgacaag aagcgggccg aacatttctc gcgccagatc gtcgatcttt 
841 tctcgcccac gaacttcttc ggcaccaatc ccgacgcgcc cgaacgcgcc atcgccaccg 
901 aeggegagag cccggtgcag gggctggaga atctcgtgcg cgacaccgag gccaacaacg 
961 gegatctget cgccacgccg gccgaccccg aggectttea ggtggggcag aaccccgcca 
1021 ccaccgaagg gtcggtcgtc taccgcaacc gcacgctcga gctgatccag tacaagccca 
1081 cgaccgagac ggtccacgag acgccgctgc tgatctttcc gccctggatc aacaagttct 
1141 acatccccga ccccaagccg cagaactccc tgctgaagtg gctggtggat cagggcctca 
1201 eggtcttegt cgtctcgtgg gtgaaccccg acaagagcta tgccggcatc ggcatggacg 
1261 actacatccg cgaaggctac atgcgcgcca tggccgaggt gcgcccganc acccggcaga 
1321 agcagatcaa cgcggcaggc cattgeateg cgggcaccac gctcacgctg acgctggcgc 
1381 acctgeagaa ggegggegat ccgtccgtac gctcggccac cttcttcacc acgctcaccg 
1441 accctccgga cccgggtgag gtgggggtgt tcctcaacga egatttegtc gaegggateg 
1501 ageggcaggt ggcggtggac gggatcctcg acaagacctt catgtcgcgc accttcagct 
1561 atetgeggtc gaacgacctg atctaccagc eggegatcaa gagctacatg atgggcgagg 
1621 cgccgccggc cttcgacctg ctctactgga aeggagaegg caccaacctg ccggcgcaga 
1681 tggeggtega atacctgegt ggcctgtgcc agcaggaccg gccggcgggc ggcaccttcc 
1741 cggtgctggg ctcgcccgcg gggctgaagg atgtgacgct tcccgtctgc gccatcgcct 
1801 gegagacega ccatatcgcg ccgtggaaaa gcagcctcaa cggcttccgt cagtccggct 
1861 cgaccgacaa gaccttcatt ctctctcaat cgggccacgc ggegggcate gtgaacccgc 
1921 ccagccgcaa caaacacggc catcacacca acgagggccc ggccggcacg ccggagtcgt 
1981 teegggaggg ggccgagttc cacgcgggct cctggtggcc gcgctggggc gcctggcncg 
2041 ccgagcgatc gggcaagcag gtcccggcgc gccagccggg cgacccgaaa catcccgagc 
2101 tcgcgccggc gcccggatcc tatgtggcgg cggtgggcgg ggcccgaagc cgaagcccag 
2161 acggccgcaa cgcaaggcgc ttcgggccag gtgcgaaaaa atgctgcggt gcagaatgag 
2221 eggtcgatmt: tctgcggcgc agcatttata tccttgtcac aggataaccg ggcatgagee 
22 81 cgctcgcagg agacaaggca atgaccaaga cccccgactt cagcaaagtg atgeaggaca 
2341 tgatggccgc gttcccggtg gaegegtegg egatgeagaa cgcgttcaag acccaggctg 
2401 egatggcega gaagatgtcg aaagtgactc tcgaggccgc cgagaaatcg accgagarca 
2461 ccgcgaaatg ggecaaggae acgatcgccc getxeggega cctcgccaag gccaagtccg 
2521 agccgaccga acacaccaag gccgcgaccg acttcgcgtc ggccgccgcc gagatggccg 
2581 ccgagaacct cgccgccttc gccgaagtgg cgaagaaggt geagaeggaa aeggtcgage 
2641 rgargctggc cgccggcaag gaeatgeagg acgacgcgac cgccgccgtc aagaaggeca 
27 01 cgaccgacgt gaccacggct gecaagaaag ccactgctcc ggcgaagtga gccggggccg 
2761 cgcgtccaat atccccccag ggcggangcg eggggegget gccagcccgc ccttctttga 
2821 tcgaccgtc 
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linear BCT 07-OCT-1998 



Details 



Links 



, Biotechnologies, 
75724, FRANCE 



ACA6237 1752 bp DNA 

Azorhizobium caulinodans pbbC gene. 
AJ006237 

AJ006237.1 Ci:3lb2943 
PUB synthase,* phbC gene. 
Azorhizobium caulinodans 
A/.oHi i y.ob i um cm u I i nod an s 

Bacteria; Proteobacteria; Alphaprotcobacteria; Rhizobiales; 
Hyphomicrobiaceae; Azorhizobium. 
l 

Mandon, K. , Michel -Reydel let, N. , Encarnacion, S . , Kamiri6ki , P-A. , 
Leija,A., Ccvallos,M. A. , Elmerich,C> and Mora/J. 

Poly-beta-hydroxybutyrate turnover in Azorhizobium caulinodans is 
required for growth and affects nifA expression 
J. Bacteriol. 180 (19), 5070-5076 (1998) 
90422458 
974B438 

2 (bases l to 1752) 
Michel-Reydellet,N. 
Direct Submission 

Submitted (20-MAY-1998) Michel -Reydellet N. 
Institut Pasteur, 25 rue du Or Roux, Paris, 

Location/Qualifiers 

1. .1752 

/organism= "Azorhizobium caul inodans " 

/strain= H OR5571» 

/db_xref = " taxon : 7 " 

1, .1752 

/gene="phbC" 

1 . .1752 

/gene= M phbC" 
/ codon_s t a r t = 1 
/evidence^experimental 
/trans l_table= 11 
/product="PHB synthase" 
/protein_id="CAA06928 . 1 » 
/db_xref= M GI : 3152944 " 

I db_X r C f = " S PTR KMHL : O G 6 3 9 2 " T 

/ 1 r ans 1 a t ion= " ME AFAQNLAKMVEEGGKAVAAYMRPREEGKPDDMTDDl ADALKT 

IGEVANYWMSDPKRSFEAQSRLMMCYMCVWACALQKLSGEKAEPIAKADPKDGRFKDP 

EWESPFFDALKQTYLVTSNWAESMVKEAEGLDPHTKHKAEPLVRQLSNAVAPGNFLMT 

NPELIRETLSSSCENLVRGMKNLAEDLVEGKGDLKIRQTDMSAFKVCRWLALSPGKVI 

FETELMQLIQYAPSTPSVKKTPVLIVPPWINKPYILDLTPEKSLIKWMVDQCLTVFVI 

SWVNPDARLADKGFDDYMRDGIFAALDAVEKATCEHQAHTIGYCVGGTLLAVTLAYMA 

ATGDDRVASSTFLTT0IDFTHAGDLKVFVDEAQLSV1ERRMKEMGYLEGRKMADAFNM 

LRSNDLIWPYWNNYLKGKQPFPFDLLFWNADSTRMPAANHSYYLRNCYLQNNIAKGL 

AEIAGVKIDMGKVTIPVYSLATREDHIAPPNSAYIGAGLLGGPVRFVLACSCHIAGVV 
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MPPVKHKYQYWTCCPTGGDYDVWLXGAQEHKGSWWPDWAQWPSALHPDEVPAREPGGS 

AFNP I EDAPGRYVR E K 5> " 
ASE COUNT 343 a 559 c 556 g 294 t 

RTCTN 

1 atggaggcgt tcgcccagaa ecttgegaag atggtggagg aaggcggcaa ggccgtcgcc 
61 gettacatge gcccgcgcga ggagggcaag ccggacgaca tgaeggaega tatcgecgat 
121 gegctcaaga ccaccggcga ggtggccaat tactggatgt ccgatccaaa gcgctccttc 
101 gaggeccagt cgcgcctcat gatgggctac atgggcgtct gggeggggge gctccagaag 
241 cnctccggcg agaaggcega gcccatcgcg aaggccgacc ecaaggaegg ccgcttcaag 
301 gaeceggaat gggaaagece gttcttcgac gccctgaagc agacctatct cgtgaccagc 
361 aactgggccg agtccacggc caaggaggee gaggggctcg atccccacac caagcacaag 
421 gccgaattcc tggtgcgcca gctctcgaac gcggtggcgc cctcgaactt cctcargacc 
481 aacccggagc tgatccgega aacgctctcc cccagcggcg agaacctcgt gegeggcang 
54 3 aagaatcegg ccgaggatct ggtggagggc aaaggegate tcaagatccg ccagacggac 
601 atgagegect tegaggeggg ccgcaacccg gcgctcagcc ccggcaaggt catcttcgag 
661 accgagctga tgcagctcat ccagtacgcg ccctcgacgc ccagcgtgaa gaagacgccg 
721 gtgccgaccg tgccgccctg gatcaacaag ttctacatcc tcgacctgac geccgagaoa 
781 ccccccacca agtggatggt ggatcagggg ctgacggccc ccgccacctc gtgggtcaat 
841 ccggacgccc gtctcgccga caagggcttc gacgactaca tgegegaegg catcttcgcc 
901 gcgctcgatg cggtggagaa ggcgaccggc gagcatcagg cgcacaccat cggccaccgc 
96\ gtgggcggca cgctgctcgc ggtcacgett gectacatgg cggcgaccgg egatgacegg 
1021 gtggcgagct ccaccttcct caccacccag atcgacttca cccacgcggg cganctcaag 
1081 gtcttcgtgg aegaggegea gctctcggtc accgagcgtc gcatgaagga gatgggecac 
1141 cttgaaggac gcaagatggc cgacgccttc aacatgetge ggtccaacga cctgatctgg 
1201 ccctatgtgg tgaacaatta tcccaagggg aagcagccgt tccccttcga ncttctgttc 
1261 tggaatgccg attccacccg catgccggcg gcgaaccact cctattacct gcgcaaccgc 
1321 cacctccaga acaacatcgc caaggggctg gcggagaccg egggegtcaa gatcgacacg 
1381 ggcaaggtga cgatcccggt ctattcgctc gccacccgcg aggaccanat cgcgccgccc 
1441 aactccgctc ataccggtgc aggcctgctc ggcggccccg tgcgctccgt gctggccggg 
1501 tccggccata ttgcgggcgt ggtcaacccg ceggngaage acaagtacca gtaccggacc 
ih6i ggcggcccga ccggcgggga etatgaegtc tggctgaagg gggcgcagga gcacaagggc 
1621 tcgtggtggc eggateggge gcagtiggttc agcgccctgc ateeggaega ggtccctgcc 
1681 cgcgagccag gcggcagcgc gttcaatccc ancgaggatg cccccggccg ctacgracgc 
3 741 gagaagtcct ga 
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Details 



\U Z80158. Pscudomonas sp. p.„[gi:31 15089] 



links 



OCUS 

EFINITION 
.CCESSION 
ERSION 
EYWORD5 
OURCE 
ORGANISM 

.EFERENCE 
AUTHORS 

TITLE 

JOURNAL 
REMARK 
REFERENCE 
AUTHORS 
TITLE 
JOURNAL 



MATURES 

source 



linear bct 12 -MAY- 1998 



ALPHAC 275 bp DNA 

Pseudomonas 3p, phaC gene. 
Z80158 

ZB0158-1 GX :3ll5089 

phaC gene,- polyhydroxybutyratc synthase. 
Pseudomonas sp. 
Pscudomonas sp. 
Bacteria; Protcobacteria. 
1 

Ja Shin,K., Youn Sung,K., Seurig Gcun,L., won Jung,C, Seok Youn,K., 
Ook Joon,Y., Ghun Bin,Y. and Jang Ryol.L. 

Cloning of Alkaligenes lactus Poly-b-hydroxyalkanoic Acid 
Biosynthetic Genes and Their Expression in Escherichia coli 
Unpublished 
(sites) 

2 (bases 1 to 275) 
Youn Sung , K . 
Direct Submission 

Submitted (11 SEP-1996) Youn Sung K. , Korea Research Institute of 
Bioscience and Biotechnology. Plant Cell and Molecular Biology 
Researt, Yusung, Taejon, Korea 
Location/Qualifiers 
1..275 

/organism= "Pseudomonas sp." 
/db_xrcf= M taxon:30C M 
1..275 

/gene= M phaC u 
<I..>275 
/gene="phaC n 

/ functions "PHB synthesis" 
/codon_start=l 
^ / trans l_tab]c=n 

/product="polyhydroxybutyrate synthase" 
/protein_id="CAB02205-l " 
/db_xref="GI :3115090" 
/db_xref= M SPTREMBL:O69202" 

/ trans lation= ,, TFSFLRPNDLVWNYVVCNYLKGETPPPFDLLYWNSDTTNLPCPF 
YAWYLRNFYLVNNLVKPGKLTVCGEKLDLGNLDLPVY1 YGSREDHI VP " 

3ASE COUNT 58 a 97 c 72 g 58 t 

ORIGIN 

l accttcagct tcttgcgccc caacgatctg gtctggaact acgtggtggg caactacctc 
61 aagggcgaaa cgccgccgcc gtttgacctg ctgtactgga acagcgacac gaccaacctg 
121 cccggtccgt tctacgcctg gtacctgcgt aatttttacc tggtgaacaa cctggtcaaa 
181 ccaggcaagc tcacggtgtg eggegaaaag ctggacctgg gcaatctcga tttgccggtc 
241 tacatctatg gctcgcgcga agaccacatc gtgee 

// 



gene 
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"11: J05003. A.eutrophus poly-...[gi:141958] 



Links 



OCUS 

EFINITION 

CCESSION 
ERSION 
BYWORDS 
OURCE 
ORGANISM 



EFERENCE 
AUTHORS 
TITLE 



JOURNAL 
MEDLINE 
PUBMED 
COMMENT 
'EATURES 

source 



gene 
CD. j 



gene 
CDS 



AFAPHBAA 2760 bp DNA linear BCT 26-APR-1993 

A.eutrophus poly -beta -hydroxy bucerate-C (phbC) gene, complete cds 
and poly-beta -hydroxybuterate -A (phbA) gene, 5' end. 
J05003 

J05003.1 GI :141958 

poly -beta -hydroxybut erase polymerase. 
Ralstonia eutropha 
Ralsjtonia eutropha 

Bacteria; Proteobacteria ; Bctaproteobacteria; Burkholderialos ; 

Ralstoniaceae; Ralstonia . 

1 (bases 1 to 2768) 

Peoples, 0. P. and Sinskey, A. J. 

Poly -beta -hydroxybutyratc (phb) biosynthesis in Alcaligcncs 
eutrophus 1116. Identification and characterization of the PHB 
polymerase gene (phbC) 

J. Biol. Chcm. 264 (26), 15298-15303 (1989) 
89359357 

Original source text: A.eutrophus (strain H16) DNA. 
Location/ Qualifiers 
. l. .2768 
/organism="Ralstonia eutropha" 
/ db_xr e f = " t axon : 5 1 0 " 
842. .2611 
/gcne="phbC" 
842.. 2611 
/gene^phbC" 

/note= rt The 5' end of the phbC gene is putative.; putative" 

/codon_scarc=i 

/t ransl_table=l 1 

/product= M poly-beta-hydroxybutcrate polymerase" 
/protein_id=" AAA2 i 97S . 1 " 
/db_xref ="GI : 141959" 

/translation^ "MATGKGAAASTQECKSQPFKVTPGPFDPATWLEVJSRQWQCTEGN 

GHAAASG 1 PGLDALAGVKIAPAQLGDIQQRYMKDFSALWQAMAEGKAEATGPLHPRR F 

AGDAWRTN L P Y R KAAAFY LLNARALTELADAVEADAKTRQR I RFAI SQWVDAMS PAN F 

LATNPEAQRLLIESGGESLRAGVRNMMEDLTRGKISQTDESAFEVCRNVAVTEGAWF 

ENE YFQLLQ YKPLTDKVHARPLLMVP PC 1 NKY Y I LDLQPESSLVRH W EQGHTVFL VS 

WRNPDASMAGSTWDDYIEIIAAIRAIEVARD1SCQDKINVLGFCVGGTIVSTALAVLAA 

RGEHPAASVTLLTTLiLDFADTGILDVFVDEGHVQLREATLGGGAGAPCALLRGLELAN 

TFSFLRPNDLVWNYWDNyLKCNTPVPPDLLFWNGDATNLPGPWYCWYLRHTYLQNEL 

KVPCKLTVCGVPVDLASIDVPTYIYGSREDHIVPWTAAYASTALLANKLRFVLGASGII 

I AGVI NPP AKN KRSHWTNDALPES PQQWLAGAI EHHGS WWPDWTAWLAGQAG A KR AAP 

AN YGNARYRAI EPAPGR Y VK A K A " 

2696. .2768 

/gcne= M phbA" 

2696. ,2766 
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/partial 
/genc="phbA" 
/note= "putative" 
/codon_start=l 
/ 1 ranc l_t ab I c = 1 1 

/produc t= "pol y-beta-hydroxybuterase " 
/prote in_id= '» AAA2 1976.1" 
/db_xref-"GI; 551681" 

/translat ion« " MTDW I VS AARTAVGKFGGS LAK I " 
USE COUNT 488 a 927 c 902 g 451 t 

■UCIN 

1 cccgggcaag taccttgccg acatctatgc gctggcgcgc acgcgcctgg cgcgcgccgg 
61 ctgtaccgag gtctacggcg gcgacgcctg caccgtggcc gacgccggtc gcttctactc 
121 ctatcggcgc gatggcgtga ccggccgcat ggccagcctg gtctggctgg eggactgage 
181 ccgccgctgc ctcactcgtc cttgcccctg gccgcctgcg cgcgctcggc ttcagccttg 
241 cgtcggcggc ggccgggcgt geccatgatg tagagcacca cgccaccggc gccatgccat 

3 01 acaccaggaa ggtggcaacg cctgccacca cgttgtgctc ggtgatcgcc ateatcageg 
361 ecaegtagag ccagccaatg gecacgatgt acatcaaaaa ttcatccttc tcgcctatgc 
421 tetggggect eggcagatge gagegctgea taccgtccgg taggteggga agcgtgcagt 

4 81 gecgaggegg attcccgcat tgacagcgcg tgcgttgcaa ggcaacaatg gactcaaatg 
541 teteggaate gctgacgatt cccaggtttc tccggcaagc atagegcatg gcgtctccat 
601 gcgagaatgt cgcgcttgcc ggataaaagg ggagcegcta tcggaatgga cgcaagccac 
661 ggccgcagca ggtgcggtcg agggcttcca gccagttcca gggcagangt gccggcagac 
721 cctcccgctt tgggggaggc geaagceggg tecattegga tagcatctcc ecatgeaaag 
781 tgccggccag ggcaatgccc ggagccggtt cgaatagtga eggcagagag acaatcaaat 
841 catggcgacc ggcaaaggcg cggcagcttc caegcaggaa ggcaagtccc aaccattcaa 
901 ggtcacgccg gggecatteg atccagccac atggctggaa tggtcccgcc agtggcaggg 
961 cactgaaggc aacggccacg cggccgcgtc cggcattccg ggcctggatg cgctggcagg 

1021 egtcaagate gcgccggcgc agctgggtga tatccagcag cgctacatga aggacttctc 
1081 agcgctgtgg caggecatgg ccgagggcaa ggccgaggcc accggtccgc tgcacgaccg 
1141 gcgcttcgcc ggegaegcat ggcgcaccaa cctcccatat cgcttcgctg ccgcgttcta 
1201 cctgctcaat gcgcgcgcct tgaccgagct ggccgatgcc gtcgaggccg atgecaagae 
1261 ccgccagcgc atccgcttcg cgatctcgca atgggtcgac gcgatgtcgc ccgccaactt 
1321 ccttgccacc aatcccgagg cgcagcgcct gctgatcgag tegggeggeg aatcgctgcg 
1381 tgccggcgtg cgcaacatga tggaagacct gacacgcggc aagatctege agaccgacga 
1441 gagcgcgttt gaggteggee geaatgtege ggtgaccgaa ggcgccgtgg tcttcgagaa 
1501 cgagtacttc cagctgttgc agtacaagee gctgaccgac aaggtgcacg cgcgcccgct 
1561 gctgatggtg ccgccgtgca tcaacaagta ctacatcctg gacctgcagc eggagagetc 
1621 gctggtgcgc catgtggtgg agcagggaca tacggtgttt ctggtgtcgt ggcgcaatcc 
1681 ggacgccagc atggccggca gcacetggga cgactacatc gagcacgegg ccatccgcgc 
1741 catcgaagtc gcgcgcgaca tcagcggcca ggacaagatc aacgtgctcg gettctgegt 
1801 gggcggcacc attgtctcga ccgcgctggc ggtgctggcc gcgcgcggcg agcacccggc 
1861 cgccagcgtc aegctgetga ccacgctgct ggactttgee gaeaegggea tcctcgacgt 
1921 ctttgtcgac gagggecatg tgcagttgcg cgaggccacg ctgggcggcg gcgccggcgc 
1981 gccgtgcgcg ctgctgcgcg gecttgaget ggccaatacc ttctcgttct tgcgcccgaa 
2041 cgacctggtg tggaactacg tggtcgacaa ctacctgaag ggcaacacgc cggtgccgtt 
2101 cgacctgctg ttctggaacg gcgacgccac caacctgccg gggccgtggt actgctggta 
2161 cctgcgccac acctacctgc agaacgagct caaggtaccg ggcaagctga ccgtgtgcgg 
2221 cgtgccggtg gacctggcca geatcgaegt gccgacctat atetaegget cgegegaaga 
2281 ecatategtg ccgtggaccg cggcctatgc ctcgaccgcg ctgctggcga acaagctgeg 
2341 cttcgtgctg ggtgcgtcgg gccatatcgc cggtgtgatc aacccgccgg ccaagaacaa 
2401 gcgcagccac tggactaacg atgcgctgcc ggagtcgccg cagcaatggc tggccggcgc 
2461 catcgagcac cacggcagct ggtggccgga ctggaccgca tggctggccg ggcaggcegg 
2 521 cgcgaaacgc gccgcgcccg ccaactatgg caatgcgcgc tatcgegcaa tcgaacccgc 
2581 gectgggega tacgtcaaag ccaaggcatg aegcttgeat gagtgeegge gtgcgtcatg 
2641 cacggcgccg gcaggcctgc aggttccctc ccgtttccat tgaaaggact acacaatgac 
2701 tgacgttgtc ategtatccg ccgcccgcac cgcggtcggc aagtttggcg gctcgctggc 
2761 caagatcc 
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□ l: U32701 Links 

Haemophilus influenzae Rd KW20 section 16 of 163 of the complete 
genome 

gi|32 1 2 1 82 |gb|U3270 1 . 1 1 [32 1 2 1 82] 

□ 2: U91631 Links 

Pseudomonas aeruginosa PlsX protein homolog (plsX) gene, partial cds; and 
malonyl-CoA:acyl carrier protein transacylase (fabD), 3-oxoacyl-acyl 
carrier protein reductase (fabG), acyl carrier protein (acpP), and 3-oxoacyl- 
acyl carrier protein synthase II (fabF) genes, complete cds 
gi|273 8 1 5 1 |gb|U9 1 63 1 . 1 |P AU9 1 63 1 [273 8 1 5 1 ] 

□ 3: U39441 Links 

Vibrio harveyi malonyl-CoA:ACP transacylase (fabD) gene, partial cds, and 
3-ketoacyl-ACP reductase (fabG), acyl carrier protein (acpP), 3-ketoacyl- 
ACP synthase II (fabF) and aminodeoxychorismate lyase (pabC) genes, 
complete cds 

gi| 1 1 73839|gb|U39441 . 1 |VHU3944 1 [1 1 73839] 
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Links 



□ l: U24241 

Sorangium cellulosum acyl-CoA dehydrogenase (sorE), beta- 
hydroxybutyryl-CoA dehydrogenase (sorD), putative methoxymalonyl-Co A 
synthase (sorC), reductase (sorR), soraphen polyketide synthase A (sorA), 
soraphen polyketide synthase B (sorB), O-methyltransferase (sorM), beta- 
mannanase, and xylanse-arabinofuranosidase Afunctional enzyme genes, 
complete cds; and unknown genes 
gi|13346872|gb|U24241.2|SCU24241[13346872] 

□ 2: U37088 Links 

Simmondsia chinensis beta-ketoacyl-CoA synthase mRNA, complete cds 
gi|1045613|gb|U37088.1|SCU37088[1045613] 

□ 3; U75685 Links 

Mycobacterium bovis acyl-CoA synthase gene, complete cds 
gi|1658530|gb|U75685.1|MBU75685[1658530] 

□ 4: S73733 Links 

ACBP/DBI=acyl CoA-binding protein (ACBP)Zdiazepam-binding inhibitor 
(DBI)-endozepine homolog [Anas platyrhynchos=ducks, mallard, Genomic, 
5191 nt] 

gi|765222|bbm|351962|bbs|156494|gb|S73733.1|S73733[765222] 
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U92878 Links 
Garcinia mangostana acyl-ACP thioesterase (FatBl) mRNA, nuclear gene 
encoding chloroplast protein, complete cds 
gi| 1 930080|gb|U92878. 1 |GMU92878[ 1 930080] 

U92877 Links 
Garcinia mangostana acyl-ACP thioesterase (FatA2) mRNA, nuclear gene 
encoding chloroplast protein, complete cds 
gi| 1 930078|gb|U92877. 1 |GMU92877[ 1 930078] 

U92876 Links 
Garcinia mangsotana acyl-ACP thioesterase (FatAl) mRNA, nuclear gene 
encoding chloroplast protein, complete cds 
gi| 1 930076|gb|U92876. 1 |GMU92876[ 1 930076] 



U56104 

Cuphea wrightii acyl-ACP thioesterase (FatB2) mRNA, complete cds 
gi| 1 336007|gb|U561 04. 1 |C WU56 1 04[ 1 336007] 



Links 



□ 5: U56103 Links 
Cuphea wrightii acyl-ACP thioesterase (FatBl) mRNA, complete cds 
gi|1336005|gb|U56103.1|CWU56103[1336005] 



□ 6: U38189 

Cuphea palustris thioesterase (FatB2) mRNA, complete cds 
gi|1215719|gb|U38189.1|CPU38189[1215719] 

□ 7: U38188 

Cuphea palustris thioesterase (FatBl) mRNA, complete cds 
gi|1215717|gb|U38188.1|CPU38188[1215717] 



Links 



Links 



n8: U31813 

Cinnamomum camphora acyl-ACP thioesterase mRNA, complete cds 
gi|1143155|gb|U31813.1|U31813[1143155] 



Links 



□ 9: U17076 Links 
Cuphea hookeriana 1 6:0-ACP thioesterase preprotein (Ch FatBl) mRNA, 
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complete cds 

gi|758700|gb|Ul 7076. 1 |CHU1 7076[758700] 

l~ 10: U17098 Links 
Brassica rapa acyl-ACP thioesterase Br FatAl (FatAl) mRNA, complete 
cds 

gi|595956|gb|Ul 7098. 1 |BRU1 7098[595956] 
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Nicolas Bouquin • Marc Tempete • I. Barry Holland 
Simone J. Seror 

Resistance to trifluoroperazine, a calmodulin inhibitor, 
maps to the fabD locus in Escherichia coli 



Received: 27 July 1994 / Accepted: 20 September 1994 

Abstract A mutant, tfpAL resistant to the calmodulin 
inhibitor trifluoroperazine (TFP) at 30°C, was isolated in 
Escherichia coli. The mutant showed a reduced growth 
rate at 30°C and was temperature sensitive (ts) at 42°C for 
growth, forming short filaments. The mutation was 
mapped to the 24 min region of the chromosome and the 
gene was cloned by complementation of the ts defect. 
Subsequent subcloning, complementation analysis, 
marker rescue mapping and sequencing, identified tfpA 
as fabD, encoding the 35 kDa, malonyl-coenzyme A 
transacylase (MCT) enzyme, required for the initial step 
in the elongation cycle for fatty acid biosynthesis. Resis- 
tance to TFP may result from altered permeability of the 
cell envelope, although the mutant remained sensitive to 
other calmodulin inhibitors and to other antibacterial 
agents. Alternatively, resistance may be more indirect, 
resulting from alterations in intracellular Ca ++ levels 
which affect the activity of the TFP target in some way. 

Key words Escherichia coli • Calmodulin 
Trifluoroperazine * Cell division 



Introduction 

Calcium has been implicated in the regulation of a num- 
ber of phenomena, ranging from neurotransmission to 
skeletal muscle contraction in eukaryotes (reviewed in 
Rasmussen and Rasmussen 1990). Some cell cycle 
events in eukaryotes are also controlled by calcium 
(Whitaker and Patel 1990; Lorca et al. 1993). In budding 
yeast, a growing body of evidence now suggests that cal- 
cium may play a key role in the regulation of some as- 
pects of growth and the cell cycle (reviewed in Anraku et 
al. 1991). For example, Iida et al. (1990) have shown that 
calcium-starved Saccharomyces cerevisiae cells arrest 
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primarily at the G2/M boundary, although entry into the 
DNA synthesis (S) phase was also delayed. 

We have previously proposed (Norris et al. 1988; Hol- 
land et al. 1990) that, in bacteria, as in eukaryotes, calci- 
um could play a predominant role in the control of growth 
and the cell cycle. In this model, a single calcium flux, 
occurring at a specific cell mass, would trigger all the 
cell cycle events: DNA replication, nucleoid segregation 
and cell division. 

In prokaryotes, as in eukaryotes, calcium has been 
implicated in the regulation of many aspects of cell phys- 
iology. For example, the regulation of pathogenicity in 
Yersinia species or sporulation in Bacillus subtilis are 
controlled by calcium (see Holland et al. 1990; Norris et 
al. 1991). Calcium is also required for growth of Es- 
cherichia coli L-forms (Onoda et al. 1992) and for the 
growth of a number of bacteria including Staphylococ- 
cus aureus, Clostridium perfringens, Streptococcus nut- 
tans and Streptococcus pneumoniae (see Norris et al. 
1991; Trombe et al. 1992). Chemotaxis in E. coli has 
been recently shown to be directly regulated by changes 
in the cytoplasmic calcium concentration (Tisa and 
Adler 1992). Furthermore, the calcium channel blocker 
co-conotoxin inhibits E. coli chemotaxis (Tisa et al. 
1993). 

Both active calcium extrusion systems and calcium 
uptake systems have been described in bacteria (de Vrij 
et al. 1985; Rosen 1987; Preston et al. 1992; Van Veen et 
al. 1994). Calcium-binding proteins have been described 
in several prokaryotes (reviewed in Onek and Smith 
1992; Ivey et al. 1993). In particular, the presence of 
three calcium binding proteins in E. coli has been report- 
ed by Harmon et ai. (1985), and calmodulin-like activi- 
ties have been detected in a number of bacteria (Onek and 
Smith 1992) and at least one of them (in B. subtilis) has 
been purified to near homogeneity (Fry et al. 1991) . In 
E. coli, a study has recently identified three calmodulin- 
like proteins whose synthesis is induced by EGTA treat- 
ment (Laoudj et al. 1994). However, the corresponding 
genes have been identified in only two cases, for protein 
S in Myxococcus xanthus (Inouye et al. 1983) and calery- 
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Table 1 Strains and plasmids used in this study 



Strains or 
plasmids 



Genotype or construction 



Source 



D21 

D22 

JM83 

NFB216 

DS410T 

JC7623 

OMG3053 

OMG3080 

OMG3081 

OMG3176 

pLG339 

pBR322 

Bluescript SK" 

pOMG3007 

pOMG3010 
pOMG3011 
pOMG3014 
pOMG3016 

P OMG30I8 

pOMG3020 

pOMG3022 

pOMG3032 

pOMG3033 



proA 23, lac28, ts.\81. hisSJ, trp30< rpsL!73, ampCI 

hisSl, trp30. proA23. hic28, suA173, ampAl, envAL tsx81, tufAJ 

am, D(lac, proAB). rpsL fSOlacZDMlSJrf, <) 

As JM83, pxrC. mdoA200: :TnJ0 

thu ara. xxl. sr!300: JnW, recA, minA minB, azi 

thrl leuB6. D(<>pt-proA)62, his64. argE3 y thil, araI4, lacYL ga\K2, kdgK5U 

xyis\ mtlL recBZL recC22, sbcBIS, sbcC20L tsx33. rpsL3J, supE44 

ksmi.tfpAl 

As NFB216./)vrC^.///M7 

As NFB216, pxrC. mdoA* , tfpAJ 

As JC7623. mdoA200: \TnlO, tfpAi 

Kan r , Tet r 

Amp r , Tet r 

Amp r 

4.5 kb Sau3A genomic fragment, carrying the tfpA gene, inserted 
into the BamttX >ite of pLG339 

Deletion of the 3.3 kb Sail-Sail fragment of pOMG3007 

Deletion of the 1.8 kb Sphl-Sphl fragment of pOMG3007 

Deletion of the 0.9 kb Sphl-Pstl fragment of pOMG301 1 

1.5 kb EcoRV-EcoRV fragment of pOMG301 1 inserted 

into the EcoRV site of pBR322 . 

1 .5 kb Sph\-Sal\ fragment of pOMG301 1 inserted into the Sphl-Sall sites 

ofpLG339 

3.5 kb EcoRl-Shei fragment of pOMG301 1 inserted into the EcoRl-Nhel sites 
of pLG339 " „ ni • „ . 

1.2 kb EcoR\-St;l\ fragment of pOMG301 1 inserted into the EcoRl-Sall sites 
of Bluescript SK~ 

1.3 kb EcoR\-BstEU (filled with Klenow) fragment of pOMG301 1 
inserted into the EcoRl-EcoRV sites of pBR322 

0.9 kb Sat\~Stid frasment of pOMG301 1 inserted into the Sall-EcoRV sites 
of pBR322 



B. Bachmann 
Normark et al. (1969) 
Laboratory collection 
Lacroix et al. (1989) 
Laboratory collection 
Laboratory collection 

This study 

This study 

This study 

This study 

Stoker et al. (1982) 

Laboratory collection 

Boehringer 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 



Resistance to Kan kanamycin. Tet tetracycline. Amp ampicillin 



thrin in Saccharopolyspora erxthraeus (Swan et al. 
1987). Finally, the activity of E. coli proteins such as 
RecBC or EnvZ appears to be modulated by calcium 
(Rosamond et al. 1979; Rampersaud et al. 1991). Inter- 
estingly, the autophosphorylation activity of DnaK, a 
heat-shock protein involved in the E. coli cell cycle 
(Sakakibara 1988; Bukau and Walker 1989: Hwang et al. 
1990; Mukherjee et al. 1993k is stimulated by calcium 
(Cegielska and Georgopoulos 1989). All these observa- 
tions, therefore, point towards an important role for cal- 
cium in the regulation of £. coli growth and cell cycle 
events. 

In order to investigate and perhaps define this role, £. 
coli mutants resistant to different "calcium agonists" 
and defective in cell cycle events, have been isolated and 
characterized in this laboratory (Casaregola et al. 1991). 
The feeA I and feeBl mutants, defective in cell division, 
are affected in the level or the activity of the rare 
tRNA^ cu (Chen et al. 1991; Bouquin et al., submitted). 
These studies suggested that tRNA^" may normally be 
limiting for expression of specific proteins involved in 
calcium homeostasis or indeed may play an additional 
role, coupling calcium homeostasis to the growth rate 
and or cell cycle events, through regulation of the level of 
tRNA^ eu (Bouquin et al., submitted). The verAl muta- 
tion (Casaregola et al. 1 99 1 ) ? conferring resistance to the 



calcium channel inhibitor verapamil and also defective 
in division, renders cells hypersensitive to the effects of 
EGTA, indicating defects in Ca ++ transport. In addition, 
a mutant has been isolated from B. subtilis, which is 
resistant to an inhibitor of calcium-dependent protein ki- 
nase C (PKC), and has a reduced initiation mass for DNA 
synthesis, indicating an alteration in the timing of this 
cell cycle event (Seror et al. 1994). 

In this study we have isolated a mutant resistant to 
trifluoroperazine (TFP), an inhibitor of calmodulin 
(Gietzen 1986), which has a reduced growth rate and 
aberrant cell division. Our results indicate that the tfpAl 
mutation is located in the fatty acid biosynthetic gene, 
fabD. We discuss the relationship of this mutation to the 
mechanism of fatty acid and membrane biogenesis and 
the basis of TFP resistance in E. colL 



Materials and methods 

Bacterial strains and plasmids 

The E. coli strains and the plasmids used in this study are listed in 
Table 1. 
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Conditions of growth 

Liquid cultures were grown with vigorous shaking in Luria broth. 
M63 minimal salts supplemented with histidine, tryptophan and 
proline (M63AA). Cell mass was monitored by measuring ab- 
sorbance at 600 nm (A ftU,) ) in a DMS90 spectrophotometer (Vari- 
an). For solid medium, culture media were supplemented with 
1.5% agar. 



Localisation of the tfpAl mutation 

In order to map the tfpAJ mutation, a PI lysate was prepared from 
the tfpAl mutant UfpAI pyrC*) and transduction was performed 
into the recipient NFB216 UfpA* pyrC) as described in Miller 
( 1 972). The PyrC* transductants were selected on M63 plates and, 
amongst them, temperature resistant colonies were then screened 
by replica plating. 



Isolation of TFP r temperature-sensitive mutants 

Several independent cultures of D22 were grown overnight in 
M63AA at 30°C. TFP dissolved in water was added to each culture 
to a final concentration of 150 ng/ml and 0.1 ml of each culture 
was plated onto an M63AA plate containing the same concentra- 
tion of the drug. Some 750 mutants resistant to the drug, arising 
after incubation at 30°C, were purified and then screened by repli- 
ca plating for temperature-sensitive mutants that failed to grow at 
42°C on both LB and M63AA plates without drug. 



Cloning of the rfpA^gene 

The cloning of the tfpA* gene was carried out essentially as 
described previously for the cloning offeeB* (Chen et al. 1991) 
and only the salient points wil! be mentioned here. An E. coli 
genomic bank was previously constructed in pLG339, a low-copy- 
number plasmid (Stoker et ai. 1982). This bank was transformed 
into the tfpAl mutant and clones growing at 42°C were selected. 
The plasmid DNA from these clones was extracted and used to 
retransform the tfpAl mutant at 30°C. All these transformants 
then grew at 42°C without selection, confirming that the recombi- 
nant plasmid complemented the temperature sensitivity of the mu- 
tant. 



Preparation and labelling of DNA probes for Southern blotting 
and dot-blotting 

In order to localize the pOMG3007, tfpA* DNA on the E. coli 
chromosome, the plasmid was cut by EcoRl and the 3.7 kb band 
was purified from an 0.8% agarose gel using the Gene Clean kit 
(Ozyme, France). The DNA was labelled in vitro with [ 32 P]dCTP 
(Amersham International, specific activity 3000 Ci/mmol) using 
the Random Primer Labelling kit. The radiolabeled probe was 
then used to probe by Southern blotting (Sambrook et al. 1989) 
total E, coli DNA digested with BamHL HindlU. EcoRL EcoRV, 
Bgll. KpnL Pstl or PvuII, or by dot-blotting (Sambrook et al. 1 989) 
different total \ DNA from the ordered E. coli bank (Kohara et al. 
1987). 



Minicell analysis 

Minicells were prepared by three successive centrifugations in 
sucrose gradients, as described in Stoker et al. ( 1 984). After being 
resuspended in 50 ml of M63, cells were labelled for 30 min at 
37°C with 10 mCi/ml of [ 33 S]methionine (Amersham Internation- 
al, specific activity 1000 Ci/mmol). The samples were analysed 
by SDS-PAGE in a \2% polyacrylamide gel and then autoradio- 
graphy. 



Sequencing of the rfpA gene 

In order to sequence the rfpA gene, the 1.2 kb EcoRl-Sall restric- 
tion fragment from pOMG3011 was subcloned into Bluescript 
SK". The sequence of this insert was then determined from the 
universal primer by double-strand sequencing, performed with Se- 
quenase version 2.0 (USB), according to the manufacturer's in- 
structions. 

In order to check that the pOMG301 1 insert was identical to 
the fab D"*", fabG^ . acpP~ region, a 17mer oligonucleotide (CG- 
GCCCGGGCAAAGTGC) was used as a primer for double-strand 
sequencing of the pOMG301 1 insert DNA. Double-strand se- 
quencing was performed with Sequenase version 2.0 (USB), ac- 
cording to the manufacturer's instructions. 



Marker rescue experiments 

In order to localize precisely the tfpAl mutation, 1 mg of 
pOMG3032 (fabD~), pOMG3033 (fabG+) or pBR322 (vector) 
was linearized by digestion by Nhel and transformed by electropo- 
ration (Sambrook et al. 1989) into the recipient recBC sbcBC tfpA / 
strain OMG3176. Cells were plated at 30°C on LB plates to deter- 
mine the titre of the cultures, and at 42°C to determine the fraction 
of temperature resistant cells within each culture. 



DNA manipulations. 

All other DNA manipulations were performed according to Sam- 
brook et al. (1989). 



Results 

Isolation of mutants resistant to trifluoroperazine 

We have previously isolated mutants resistant to several 
calcium antagonists using the hyperpermeable strain 
N43 (Chen et al. 1991), which carries the acrAl mu- 
tation, responsible for increased sensitivity to a wide 
variety of drugs (Nakamura and Suganuma 1972; Ma 
et al. 1993). However, we considered that the type 
of mutations recovered might be influenced by the 
acrAl mutation. Since we wished to obtain the widest 
spectrum of mutations, an alternative hyperpermeable 
strain was chosen for this study. The envAl mutation 
carried by strain D22 causes hypersensitivity to both 
hydrophobic and hydrophilic agents (Normark et al. 
1969). 

Sensitivity of D22 to trifluoroperazine (TFP), a 
calmodulin inhibitor, was tested by adding different con- 
centrations of TFP to an exponentially growing culture 
of D22 at 30°C in rich medium. At 20 p-g/ml, D22 
growth was seriously impaired. Total inhibition of 
growth was observed at 50 |xg/ml (Fig. 1 top). In con- 
trast, the envA^ parental strain was resistant to TFP, even 
at a concentration as high as 100 jxg/ml (data not 
shown). 

For the isolation of mutants resistant to TFP, indepen- 
dent cultures of D22, grown overnight in M63 medium 
supplemented with the appropriate amino acids 
(M63AA. see Materials and methods), were plated on 
M63AA plates containing TFP at a concentration of 
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Fig. la,b Effect of trifluoroperazine (TFP) on D22 growth and 
growth of the tfpl mutant, a D22 was grown exponentially in LB 
medium at 30°C. At time zero, the culture was divided in four parts 
and TFP was added to a final concentration of 0 u-g/ml (control. 
open circles), 10 u.g/ml (closed circles). 20 u-g/ml (closed 
squares) or 50 u-g/ml. (closed triangles). Growth was followed by 
measuring the A ft(M) . b D22 and the OMG3053. rfpAl mutant were 
grown exponentially in LB medium at 30°C. At time zero, a por- 
tion of the culture was transferred to 42°C whilst the other one was 
kept at 30°C. Growth was followed by measuring the A W)U . D22. 
30°C (open triangles), D22, 42°C (closed triangles). tfpAL 30°C 
(open circles), tfpAl, 42°C (closed circles) 

150 |xg/ml and incubated at 30°C. Resistant mutants 
arose spontaneously at a frequency of approximately 

io- 8 . 

Properties of the tfpAl mutant 

Two mutants resistant to TFP, out of 750, were found to 
be also temperature sensitive. Importantly, none had re- 
gained increased resistance to SDS or ampicillin, indi- 
cating that they still carried the envAl mutation (Nor- 
mark et al. 1969). In addition, they were still sensitive to 
other calmodulin inhibitors, such as 48/80 and W7. 

The growth curve for one of these two mutants, desig- 
nated tfpAl, is shown in Fig. 1 (bottom). The growth rate 
of the tfpAl mutant in LB medium is markedly reduced at 
30°C, with a doubling time increased by approximately 
50% (60 min vs 40 min). After tfpAl was shifted to 42°C, 
the mass continued to increase, although at a reduced 
rate, by 150% over 3 h. It is important to note that no 
general cell lysis occurred in the culture of the mutant 



kept at 42°C for several hours, suggesting that the integri- 
ty of the envelope was maintained in the mutant at the 
restrictive temperature. 

The morphology of the mutant strain was also exam- 
ined by phase contrast microscopy. The tfpAl cells were 
very heterogenous with respect to length and chain for- 
mation even at 30°C. However, since envAl cells, the 
parent of the tfpA mutant, often form chains (Normark et 
al. 1969), the potential effects of the tfpAl mutation 
upon cell division had to be examined in an em>A + back- 
ground. The tfpAl mutation was therefore moved by co- 
transduction with the pyrC + locus (see below) into strain 
NFB216 (tfpA + pyrC\ Lacroix et al. 1989). We detected 
the presence of the mutation by screening for tempera- 
ture sensitivity. 

As shown in Fig. 2, in the envA + background, tfpA 
cells at the permissive temperature were very similar to 
the parental strain but the length of the majority of the 
cells increased at least twofold with incubation at the 
non-permissive temperature, 42°C, indicating a defect in 
division frequency as well as a severe effect on growth. 
However, the effect on division was apparently less dra- 
matic than in the envA~ background. 

Temperature-resistant revertants (about 300) of the tf- 
pAl mutant in the D22 background were isolated at a 
frequency of about 0.5 X 10~ 8 . All of the revertants were 
found to be also sensitive to TFP. This demonstrated that 
a single mutation resulted in both the temperature sensi- 
tivity and the resistance to the drug in the tfpAl mutant. 

Cloning and localization of the tfpA+ gene 

A genomic bank of E. coli was previously constructed in 
pLG339, a low-copy-number plasmid (Chen et al. 199 1 ). 
This bank was used to isolate recombinant plasmids that 
could complement the temperature sensitivity of the tf- 
pAl mutant. Three such plasmids were isolated and were 
shown to be different from each other by Southern blot- 
ting (data not shown). However, two of these plasmid 
clones failed to restore drug sensitivity and presumably 
carried extragenic suppressors. The third clone, desig- 
nated pOMG3007, complemented both phenotypes of 
the tfpAJ mutant, and was therefore very likely to encode 
the tfpA + gene. 

The 4.5 kb insert of pOMG3007 was localized by 
Southern blotting to the 1 160-1 170 kb region of the re- 
striction map of the E. coli chromosome (Kohara et al. 
1987), i.e. 24.5 min on the genetic map, as described in 
Materials and methods. This localization was confirmed 
by hybridization of the pOMG3007 insert v^ith the corre- 
sponding phages, X 234 and 235, from the ordered mini- 
set bank of Kohara and co-workers (Kohara et al. 1987), 
in dot-blot experiments (see Materials and methods). In 
addition, the tfpA 1 mutation could be cotransduced (6%) 
by phage PI, together with the pyrC* locus (by screen- 
ing for temperature sensitivity), into the recipient 
NFB216 (pyrC tfpA + ) strain. In agreement with the 
physical mapping, this suggested that the rfpAl mutation 
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Fig. 2a,b Phase contrast microscopy of D22 and tfpAl after shift 
to 42°C The parental strain D22 (a) and OMG3053 {tfpAl) (b) 
growing exponentially in Luria broth at 30°C were shifted to 42°C 
at time zero (left panels) and sampled after 1 h (middle panels) 
and 2 h (right panels), fixed and photographed under phase con- 
trast 

mapped either to the 22 min region or the 24 min region 
of the chromosome. In order to localize more precisely 
the mutation, a three-point cross was performed. A PI 
lysate was prepared from the tfpAl mutant {tfpAl mdoA* 
pyrC + ) and transduction was performed (see Materials 
and methods) with this lysate into the recipient NFB216 
(tfpA* mdoA::lnlO purQ. The tfpAl mutation was 6% 
cotransducible with pyr* and 4% with mdoA*. Since 
mdoA is located at 23 min and pyrC at 23.5 min on the 
E.coli genetic map, we could unequivocally assign the 
tfpAl mutation to the 24-24.5 min region, thus demon- 
strating that the pOMG3007 insert contains the tfpA* 
gene and not a suppressor. 



Mapping of the tfpA gene within the pOMG3007 insert 

In order to localize precisely the tfpA gene within the 
pOMG3007 insert, a deletion/subcloning analysis was 
carried out. Various deletions or subclones were generat- 
ed from pOMG3007 (see Materials and methods), utiliz- 
ing known restriction sites, and these were tested for 
their ability to restore temperature resistance and drug 
sensitivity in the tfpAl mutant (in the envAl back- 



ground). As shown in Fig. 3, this enabled us to map one 
end of the tfpA gene downstream of the central EcoRl 
site, with the other end extending beyond the Xhol site; 
compare pOMG3020, which complements both mutant 
phenotypes, with pOMG3010 and pOMG3014 which 
do not complement. In order to determine the right 
hand border of tfpA more precisely, attempts were made 
to construct subclones with the right endpoint at the 
EcoRV site or at the Kpnl site. However, such constructs 
were impossible to recover, suggesting that they may be 
toxic. 



Sequencing of the region of the tfpA gene 

The EcoRl-Sall restriction fragment of pOMG3011, 
which complements the mutant phenotypes (see Fig. 3), 
was cloned into Bluescript SK + and sequenced by dou- 
ble-strand sequencing, as described in Materials and 
methods. The resulting data, when compared with se- 
quences in the EMBL database, were identical to the 
recently sequenced fa bH and fabb genes (Tsay et al. 
1992; Verwoert et al. 1992). As shown in Fig. 3, se- 
quence data indicated that the Sall-EcoRV fragment of 
pOMG301 1 overlaps the end of the fabD gene and the 
beginning of the downstream fabG gene (Rawlings and 
Cronan 1992). 

The fabH, fabD and fabG genes are part of a fatty 
acid biosynthesis gene cluster which comprises, clock- 
wise on the chromosome, at least the following genes: 
plsX -fabH -fabD -fabG - acpP + -fabF (Oh and Larson, 
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Fig. 3 Localization of the tfpA gene by complementation, deletion 
analysis of pOMG3007. Deletions and'subclones of the tfpA region 
were constructed and analysed at 42 : C for complement.ation of the 
temperature sensitivity and at 30°C for drug sensitivity. In the 
upper part of the figure, the region of the chromosome containing 
the tfpA gene is indicated as an open box (the restriction sites are: 
R, EcoRU Sp. Sphl; P, Pstl: Sm, Smal: S. Sail: X. Xhoh B, BstEU; 
V, EcoRV; K. Kpn\\ St, Stu\) The positions of the different genes 
mapping in this region are indicated below. In the lower part of the 
figure, are shown the inserts of pOMG3007 and several of its 
derivatives. Ts* complementing the temperature sensitivity of the 
mutant (growth at 42°C), Ts~ not complementing the temperature 
sensitivity of the mutant (no growth at42°C), TFP r * complement- 
ing the resistance of the mutant (sensitive to TFP at 30°C), TFF~ 
not complementing the resistance of the mutant (still resistant to 
TFP at 30°C) 



EMBL database; Tsay et al. 1992; Verwoert et al. 
1992; Rawlings and Cronan 1992). The insert of 
pOMG3007 therefore contains plsX, fabH, fabD, fabG 
and acpP + and, possibly, the beginning of fabF, as 
inferred from a comparison of the restriction maps 
(Fig. 3). 

The FabH, FabD, FabG and ACP proteins have been 
expressed previously from the cloned genes and shown to 
migrate as 35 kDa, 32 kDa. 26.5 IcDa and 20 kDa 
proteins, respectively (Tsay et al. 1992; Verwoert et al. 
1992; Rawlings and Cronan 1992). In each case, the ob- 
served molecular weight was in good agreement with the 
corresponding gene product, except for ACP, an 8.8 kDa 
protein which migrates aberrantly. 

Visualization of the tfpA gene product 

The results of our deletion/subcloning analysis were all 
consistent with the hypothesis that tfpA was identical to 
fabD. Essentially, all the constructions which carried an 
interrupted fabD gene lost the capacity to complement 
the tfpAl temperature sensitivity and TFP resistance 
(Fig, 3). In order to confirm that tfpA and fabD were the 
same gene, we wished to visualize the tfpA gene product 
directly. 
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Fig. 4 Visualization of the tfpA product. The DS410T strain 
(Stoker et al. 1984) was transformed with either pLG339, 
pOMG3007, pOMG3010 or pOMG3011. Minicells were prepared 
and proteins labelled with [^methionine. The samples were then 
analysed in a 12% polyacrylamide gel and autoradiographed. The 
sizes of the molecular weight markers are indicated on the left and 
the sizes of the three proteins encoded by pOMG3007 and its 
derivatives are shown on the risht 



pOMG3007 and various derivatives of this clone were 
transformed into the minicell-producing strain DS410T 
(Stoker et al. 1984) and minicells were purified and la- 
belled with [ 35 S]methionine as described in Materials 
and methods. The insert of the pOMG3007 plasmid ap- 
peared to encode at least three proteins of 35 kDa, 
27 kDa and 23.5 kDa, respectively (Fig. 4). A doublet of 
proteins in the 50 kDa range could also be detected, al- 
though this was much less well expressed. 

Since FabG and ACP migrate as 27 kDa and 20 kDa 
proteins, respectively (Rawlings and Cronan 1992), it 
was very likely that the pOMG3007-encoded 27 kDa and 
23.5 kDa proteins were identical to the fabG and acpP 
gene products, respectively. Moreover, j5OMG3010, 
which carries only the fabG and acpP genes, encoded 
only two proteins of 27 kDa and 23.5 kDa (Figs. 3, 4). 
Finally when the right-hand part of the pOMG3011 in- 
sert up to the EcoRV site, i.e. encompassing the acpP 
gene, was subcloned into the £coRV site of pBR322, 
generating pOMG3016 (Fig. 3), a single protein of 
23.5 kDa was expressed in minicells, which was heat- 
stable (data not shown), a property of ACP (Cronan and 
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Rock 1987). All our evidence were thus consistent with 
the 27 kDa and 23.5 kDa proteins corresponding to the 
fabG and acpP gene products. 

The identity of the 35 kDa protein was initially less 
clear, since fabH and fabD encode 35 and 32 kDa 
proteins, respectively (Tsay et al. 1992; Verwoert et al. 
1992). However, a deletion of the insert of the 
pOMG3007 plasmid up to the Sphl site (pOMG301i), 
which destroyed the fabH gene but left the fabD gene 
intact, still encoded the 35 kDa protein (Figs. 3, 4). 
Moreover, a deletion of the pOMG3007 insert up to the 
Sail site, generating a subclone carrying only the fabG 
and acpP gene, namely pOMG3010 (Fig. 3), did not 
express the 35 kDa protein (Fig. 4). It therefore seems 
very likely that the 35 kDa protein is the fabD gene 
product. Similarly, since pOMG3011 (uniquely encod- 
ing the 35 kDa protein), unlike pOMG3010, was able to- 
reverse both the temperature sensitivity and resistance to 
TFP, the results strongly suggest that the tfpA gene 
product is the 35 kDa protein, and that tfpA and fabD are 
identical. 



of temperature-resistant cells was determined (see Mate- 
rials and methods). Both pOMG3033 (fabG) and 
pBR322 gave similar low frequencies of temperature-re- 
sistant colonies, i.e. approximately 10" s , close to the re- 
version rate of approximately 0.5X10" 8 (see above); In 
contrast, transformation with linearized pOMG3032 
(fabD) yielded 32 temperature-resistant colonies, corre- 
sponding to a frequency of approximately 10" 7 . This re- 
sult strongly supported the idea that the tfpAl mutation, 
with its consequent effect on growth at high temperature, 
was located in the fabD gene. These results, combined 
with the results of complementation studies with 
pOMG3032 (fabD), indicate that temperature sensitivity 
was dominant under these conditions. It is important to 
note that this analysis was carried out in the OMG3176, 
(envA*) strain, in which it was not possible to test the 
drug response of the recombinants since TFP resistance 
is not expressed in this background. 



Discussion 



In order to study the role of calcium in E. coli growth and 
The tfpAl mutation affects the fabD gene the cell cycle, we had previously isolated mutants resis- 
tant to different calcium-binding protein inhibitors, in- 
Although all our data were consistent with the tfpAl mu- eluding 48/80, W7 and verapamil (Casaregola et al. 
tation affecting the fabD gene, we were not able to con- 1991; Chen et al. 1991; Bouquin et al., submitted; S. 
struct a clone with an intact/a&D and an interrupted/afeG Bernard and A. Jacq, personal communication). In this 
gene, perhaps because the product of the latter is toxic study, we have isolated an E. coli mutant resistant to TFP, 
(see above). In order to obtain definitive evidence that an inhibitor of calmodulin (Gietzen 1986). This mutant, 
tfpA is identical to fabD, the 1.3 kb EcoRl-BstEll restric- designated tfpAl, was also temperature sensitive, being 
tion fragment from the pOMG301 1 insert, correspond- defective in division at42°C, indicating that it was affect- 
ins to the fabD gene, was subcloned into pBR322 (see ed in an essential function. This conclusion was rein- 
Materials and methods), generating plasmid forced by the finding that, even at 30°C, tfpA 1 grew much 
pOMG3032. In addition, the 0.9 kb SalhStul fragment of more slowly than its parent. 

the pOMG301 1 insert, which bears only the fabG gene. Genetic analysis of the tfpAl mutation mapped the 
was inserted into the Sail and EcoRV sites of pBR322, gene close to 24 min. A clone, pOMG3007, was isolated 
venerating plasmid pOMG3033 (see Materials and by complementation of the temperature sensitivity of tf- 
methods)* Both pOMG3032 and pOMG3033, and pAl, which also complemented the drug resistance and 
pBR322 as a control, were transformed into the tfpAl the morphological defects (data not shown) of the mu- 
mutant. As expected, neither pBR322 nor pOMG3033 tant. The insert of pOMG3007 was shown to hybridize 
{fabG) were able to restore temperature resistance, nor to with X 234 and 235 from the ordered bank of E. coli 
confer drug sensitivity on the tfpAl mutant (Fig. 3). As (Kohara et al. 1987) corresponding to the 24 min region 
expected pOMG3032 (fabD) reversed the resistance to of the chromosome. This result demonstrated that 
TFP however, unexpectedly, it failed to restore to tfpAl pOMG3007 carried the tfpA+ gene and not a suppressor, 
the capacity to grow at 42°C. Sequencing of the pOMG3007 insert revealed the 
In order to demonstrate unequivocally, therefore, that presence of five genes, recently deposited in the EMBL 
tfpAl affects the fabD gene, a different approach was database, which are in the following order on + the chro- 
required, that is, to map" genetically the tfpAl mutation mosome: plsX* \fabH + JabD + \fabQ+ , acpP + (Oh and 
more precisely. The tfpAl mutation was moved by PI Larson, EMBL database; Tsay et al. 1992; Verwoert et 
transduction from OMG3080 (mdoA::TnlO tfpA) into a al. 1992; Rawlings and Cronan 1992). Only three 
recBC sbcBC strain, with initial selection for tetracy- proteins, of 35 kDa, 27 kDa and 23.5 kDa, encoded by 
cline-resistant colonies, followed by subsequent screen- the pOMG3007 insert, could be visualized in mimcell 
in° for temperature-sensitive clones. The resulting strain experiments. None of these proteins appeared to be en- 
was designated OMG3176. Marker rescue experiments coded by the plsX + or the fabH* genes, since all three 
were then performed with either pOMG3032 (fabD), polypeptides could still be detected with pOMG301 1, a 
pOMG3033 (fabG) or pBR322 (vector): 1 n-g of each subclone of pOMG3007 which does not contain the 
plasmid was linearized by Nheh transformed into the plsX* and/aWT genes. The 23.5 kDa polypeptide was 
OMG3176 (tfpAl recBC sbcBC) strain and the fraction encoded by acpP^, since it was the sole protein detected 
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with pOMG3016, which carries only this gene. On the 
other hand, since the 35 kDa protein was not observed 
whenever the fabD* gene was interrupted, it is very like- 
ly that this protein corresponds to the product of this 
gene. Finally, because the pOMG3010 insert {fabD* 
acpP + ) encodes the 27 kDa and 23.5 kDa proteins, the 
latter corresponding to the acpP* gene product, we ten- 
tatively assign the 27 kDa protein to the fabG* gene. 

The results of deletion/subcloning analysis indicate 
that complementation of the phenotypes of tfpAl was 
blocked in the absence of an intact /afcD + gene. Surpris- 
ingly, however, fabD* alone (pOMG3032), although 
complementing drug resistance, did not complement the 
temperature sensitivity of tfpAl. This raised the possibil- 
ity that the mutant carried two mutations, although this 
seems unlikely since reversion analysis indicated a single 
mutation. Importantly, however, the marker rescue ex- 
periments with pOMG3032 (fabD*), showed that recom- 
bination with the wild-type fabD alone (the EcoRl- 
BstEU fragment) was sufficient to correct the tempera- 
ture sensitive phenotype of the tfpAl mutant. We thus 
conclude, although it has not been unequivocally demon- 
strated, that the tfpAl mutant carries a single mutation in 
fabD, which under some conditions is dominant at 42°C. 

The fabD + gene encodes the malonyl-coenzymeA- 
acyl carrier protein transacylase (MCT). This enzyme 
catalyzes the formation of malonyl-ACP from malonyl- 
coenzyme A and acyl carrier protein (ACP). A two-car- 
bon unit from malonyl-ACP is subsequently added to a 
preexisting carbon chain esterified to ACP by a 3-ketoa- 
cyl-ACP-protein synthetase, the product of the fabH^ 
gene (Tsay et al. 1992), in the first step of the elongation 
cycle of fatty acid biosynthesis (Cronan and Rock 1987). 

A mutation affecting ihe fabD* gene was previously 
isolated (Harder et al. 1 974). This mutation,/a&DS9, was 
an amber mutation, generating an inactive truncated en- 
zyme. However, because of the presence in the mutant 
strain of a suppressor tRNA, a full-length protein could 
be synthesized, although the activity of the resulting, 
modified enzyme was temperature sensitive. As a result, 
the mutant strain failed to grow at high temperatures 
(Verwoert et al. 1992). 

Although several lines of evidence indicated that the 
tfpAl mutation was located in the fabD gene, the situa- 
tion may, however, be more complex since the tempera- 
ture sensitivity of the mutant could not be complemented 
by the fabD* gene alone. Restoration of growth at 42°C 
required a plasmid carrying the three genes, fabD'*', 
fabG* and acpP*. The normal stoichiometry of the three 
gene products might therefore be required for full ex- 
pression and/or activity of FabD in a coordinated se- 
quence of reactions, leading to full-length fatty acid 
chains. A more complex explanation for the inability of 
the fabD gene clone to complement temperature sensitiv- 
ity could be that, for example, the tfpAl mutation causes 
reduced expression of fabG and acpP at 42°C. This is not 
excluded but seems unlikely to involve transcriptional 
control since there was no detectable reduction at 42°C of 
fabG or acpP mRNA, as detected by Northern blotting 



(unpublished results). Interestingly, however, overex- 
pression of the DNA-binding protein FadR, which is a 
transcriptional activator of at least one fatty acid biosyn- 
thesis gene, fabA*, encoding 3-hydroxydecanoyl-ACP 
deshydrase (Henry and Cronan 1991; 1992; DiRusso et 
al. 1993), suppresses temperature sensitivity in tfpA mu- 
tants (A. R. Stuitje, personal communication). This re- 
sult suggests that enhanced levels of the mutant enzyme 
are sufficient to overcome any deficit in long chain fatty 
acid synthesis. 

As indicated above, the tfpAl mutation, like the 
fabD89 mutation (Harder et al. 1974), might be expected 
to result in an altered lipid composition in the membrane, 
in particular a reduction in long chain fatty acids. Drug 
resistance could arise, therefore, as a result of an altered 
permeability of the cell envelope. This effect would, nev- 
ertheless, have to be relatively specific since the cells 
remained unchanged in sensitivity to, for example, the 
calmodulin inhibitors, W7 and 48/80. Another possibili- 
ty is that tfpAl, like the htrB mutant (Karow et al. 1992) 
may be defective in the coupling between the growth rate 
and the rate of phospholipid synthesis. Directly or indi- 
rectly the mutation may lead to altered levels of intracel- 
lular Ca ++ and disturbed regulation of cell division. If 
this were the case, then the tfpA gene would be a new 
member of a growing class of genes conferring sensitivi- 
ty to 4 'calcium metabolism" antagonists and involved in 
coupling growth to cell cycle events in both £. coli (Chen 
et al. 1991; Bouquin et al., submitted) and in B. subtilis 
(Seror etal. 1994). 
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The enzymes p-hydroxybutyry I -coenzyme A (CoA) dehydrogenase (BHBD), crotonase, and butyryl-CoA de- 
hydrogenase (BCD) from Clostridium acetobutylicum are responsible for the formation of butyryl-CoA from 
acetoacetyl-CoA. These enzymes are essential to both acid formation and solvent formation by Clostridia. 
Clustered genes encoding BHBD, crotonase, BCD, and putative electron transfer flavoprotein a and P subunits 
have been cloned and sequenced. The nucleotide sequence of the crt gene indicates that it encodes crotonase, 
a protein with 261 amino acid residues and a calculated molecular mass of 28.2 kDa; the hbd gene encodes 
BHBD, with 282 residues and a molecular mass of 30.5 kDa. Three open reading frames {bed, etfB, and etfA) 
are located between crt and hbd. The nucleotide sequence of bed indicates that it encodes BCD, which consists 
of 379 amino acid residues and has high levels of homology with various acyl-CoA dehydrogenases. Open 
reading frames etJB and etfA, located downstream of bed, encode 27.2- and 36.1-kDa proteins, respectively, and 
show homology with the fixAB genes and the a and P subunits of the electron transfer flavoprotein. These 
findings suggest that BCD in Clostridia might interact with the electron transfer flavoprotein in its redox 
function. Primer extension analysis identified a promoter consensus sequence upstream of the crt gene, 
suggesting that the clustered genes are transcribed as a transcriptional unit and form a BCS (butyryl-CoA 
synthesis) operon. A DNA fragment containing the entire BCS operon was subcioned into an Escherichia coli-C. 
acetobutylicum shuttle vector. Enzyme activity assays showed that crotonase and BHBD were highly overpro- 
duced in cell extracts from E. coli harboring the subclone. In C. acetobutylicum harboring the subclone, the 
activities of the enzymes crotonase, BHBD, and BCD were elevated. 



The anaerobic, spore-forming bacterium Clostridium aceto- 
butylicum has for some time been known for the ability to 
produce, through fermentation, the commercial solvents ace- 
tone and butanol (30). Recently, however, the more econom- 
ical use of petrochemicals to produce these solvents has virtu- 
ally eliminated the industrial fermentation process. However, 
such a process has remained of interest to researchers as a 
valid model for understanding the regulation and genetics of 
complex primary metabolism. With recent advances in genetic 
engineering, interest has focused again on the possibility that 
solvent-producing clostridial metabolism can be commercially 
viable (45). 

P-Hydroxybutyryl-coenzyme A (CoA) dehydrogenase 
(BHBD), crotonase, and butyryl-CoA dehydrogenase (BCD) 
from C. acetobutylicum are enzymes in the central fermenta- 
tion pathway which play a central role in both acid production 
and solvent production (30). A similar enzyme arrangement 
of 3-hydroxyacyl-CoA dehydrogenase (HAD), enoyl-CoA hy- 
dratase (ECH), and acyl-CoA dehydrogenase (ACD) is in- 
volved in the p oxidation of fatty acids in eukaryotes (Fig. 1A 
of reference 70), suggesting possible structural and mechanis- 
tically conserved elements. In addition, a multifunctional en- 
zyme complex, comprising thiolase, HAD, ECH, epimerase, 



* Corresponding author. Mailing address: Department of Biochem- 
istry and Cell Biology, The Institute of Biosciences and Bioengineer- 
ing, Rice University, 6100 Main Street, Houston, TX 77005-1892. 
Phone: (713) 527-4015. Fax: (713) 285-5154. Electronic mail address: 
fbr@bioc.rice.edu. 



and isomerase, is encoded by fatty acid degradative operon 
fadBA, found in Escherichia coli (52, 57, 67, 68). 

BHBD in Clostridia catalyzes the reduction of acetoacetyl- 
CoA by NAD(P)H. This subprocess is the initial and necessary 
step toward the ultimate production of butyrate and butanol. 
The hbd gene, encoding BHBD from C. acetobutylicum P262 
and Clostridium difficile, has already been cloned in E. coli and 
sequenced (47, 70). For C. acetobutylicum ?262, hbd encodes a 
protein of 282 amino acids with a calculated molecular mass of 
31 kDa, and for C. difficile, it encodes a protein of 281 residues 
with a molecular mass of 31 kDa. 

Crotonase (EC 4.2.1.17), or ECH, from C. acetobutylicum 
NRRL-B-527 has been previously purified and characterized 
(60). Unlike the crotonase from bovine liver, which is a hex- 
amer with a subunit molecular mass of 27.3 kDa (61), the 
native enzyme from G acetobutylicum is composed of four 
identical subunits, each with an approximate molecular mass of 
40 kDa and 370 amino acid residues (60). The gene encoding 
crotonase from C. difficile has b.een incompletely cloned and 
sequenced (47). This gene is located upstream of the hbd gene 
and is followed by an inverted-repeat termination structure. 

BCD is a bacterial analog of short-chain ACD (SACD) from 
mammalian mitochondria, which catalyzes the ot,p desatura- 
tion of acyl-CoA substrates (4, 25). ACD generally contains 
flavin adenine dinucleotide as a cofactor which is tightly bound 
to the apoenzyme. Moreover, ACD is a tetramer with a subunit 
molecular mass of 41.7 to 44.5 kDa and a function requiring an 
electron transfer flavoprotein (ETF) as an electron donor- 
acceptor (31, 41, 42, 48). In C. acetobutylicum, BCD acts in the 
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TABLE I. Bacterial strains, phage, and plasmids employed in this study 



Strain, phage, 
or plasm id 



Function(s) 



Characteristics* 1 



Source or reference 



Strains 
C. acetobutvlicum 
ATCC 824* 
E. coli Q358 
E. coli ER2275 
E. coli XLl-Biue 


DNA-RNA isolations, electro- 
transformation 
Phage propagation 

lul^tni/lttiAn 

ivicuiyidiion 
Subcloning 


hsdR k hsdM k + supF <J>80 r 
recA mcrBC 

hsdRH (r k - r m T ) (F' proAB lacP lacZAM/5 
TnlO [Tc r ]) 


ATCC* 
40 

New England BioLabs 
10 


Plasmids 
pUC19 
pSYL2 
pANl 
pb37 
pC10 

pSYU-BCS 


Subcloning 
Shuttle vector 
Methylation 

Subcloning of hbd and partial etfA 
Subcloning of BCS operon 
Expression of BCS operon 


ColElo/7'Ap r 

pCBU2 ori ColEl on Tc r Em r 

pl5A ori (f>3T I Cm r Tc r 

Same as pUC19 but crotonase" BHBD + 

Same as pUC19 but crotonase 4 " BHBD + 

Same as pSYL2 but crotonase+ BCD + BHBD* 


69 
37 
43 

This study 
This study 
This study 


Bacteriophage EMBL3 






24 



u • V - — " "«*»«*«5««^ .wuiiiuHiauuii auutisncu; mcroc, lacKing metnvcytos 

chloramphenicol, erythromycin, tetracycline, and ampicillin resistances, respectively; <|>3T I, 4>3T methvlase 
ATCC, American Type Culture Collection. 



reverse direction from fatty acid degradation to produce re- 
duced butyryl-CoA. Characterization of this enzyme from C 
acetobutylicum has not been reported. However, BCD and the 
related ETF, which transfers electrons between NAD(H) and 
BCD, were purified from the butyrate-producing anaerobes 
Megasphaera elsdenii (18, 58) and Peptostreptococcus elsdenii 
(19, 63), and their properties were characterized (20, 50, 65). 
Moreover, the three-dimensional structure of BCD from M. 
elsdenii has been defined (16) and its encoding gene has been 
cloned and sequenced (2). Many properties of the bacterial 
BCD are similar to those of the corresponding enzyme ob- 
tained from mammalian mitochondria, and the encoding gene 
exhibited high-level amino acid similarity to its mammalian 
counterpart. 

Recently, recombinant DNA methods have been used to 
manipulate specific metabolic pathways in C. acetobutylicum 
(26, 45). A better understanding of the regulatory mechanisms 
of genes critical to the clostridial metabolic pathways is impor- 
tant in performing successful genetic engineering to enhance 
product yields. The cloning and expression of genes encoding 
enzymes in the central fermentation pathway, for example, will 
provide materials for gene inactivation, enzyme analysis, and 
progressive metabolic studies. Such studies not only make pos- 
sible the generation of efficient strains for industrial applica- 
tions but also provide a better understanding of the functions 
of metabolic enzymes and the factors controlling their expres- 
sion. This report describes the successful cloning, sequencing, 
and expression of clustered genes encoding BHBD, crotonase, 
BCD, and related ETF enzymes from C. acetobutylicum. A 
possible promoter region for this gene cluster has been iden- 
tified, which suggests that the genes encoding these enzymes 
form an operon. In addition, the cloned operon was reintro- 
duced into C. acetobutylicum. This study significantly improved 
the understanding of the genetic structures and other elements 
in the butyryl-CoA synthesis pathway. 

MATERIALS AND METHODS 

Bacteria, phage, and growth conditions. The bacterial strains and phage used 
in this study are listed in Table 1. C acetobutylicum ATCC 824 and £. coli were 
grown and maintained as previously described (26). Media were supplemented 
with ampicillin (50 ng/ml), erythromycin (250 u,g/ml for Luria-Bertani medium 
and 100 u,g/ml for Clostridium growth medium [26]), chloramphenicol (32 jxg/ 



ml), or tetracycline (10 ug/ml) as required. The titer of the C acetobutylicum 
phage library was determined and screened with a lambda medium (40) con- 
taining a \.5% bottom agar and a top agarose. Phage lysates were collected 
and stored in a storage medium solution (40) at 4°C. 

DNA isolation and manipulation. The plasmids used in this study are also 
listed in Table 1. Total cellular DNA from C acetobutylicum was prepared as 
described in reference 1 1. Construction of a C acetobutylicum genomic library 
with lambda cloning vector EMBL3 had been previously accomplished (12). 
Rapid, small-scale plasm id DNA isolation was performed by the alkaline lysis 
method (40). Large-scale plasmid DNA preparation was done with a Qiagen 
plasmid purification kit in accordance with the manufacturer's instructions. 
Phage DNA was prepared by the rapid-plate lysate method as previously de- 
scribed (40). Restriction enzyme -digested genomic, phage, or plasmid fragments 
were separated by a SeaPlaque low-melting-point agarose (FMC BioProducts) 
gel, and the fragments of interest were then purified from the gel with GELase 
(Epicentre Technologies). The resulting DNA fragments were then used for 
ligation or subcloning. 

Probe generation through PCR. Synthetic oligonucleotides, which were 20 to 
30 nucleotides long and based on conserved sequences of the known BHBD- or 
HAD-encoding genes, were designed as primers for PCR analyses with chromo- 
somal ATCC 824 DNA as the template. The reaction mixture and procedure 
were those recommended by the manufacturer (Perkin Elmer Cetus), except that 
the final concentration of dATP and dTTP was 250 u.M, whereas that of dCTP 
and dCTP was 150 u,M. These adjustments were made because the clostridial 
DNA is AT rich. 

Six sets of primer pairs were designed to generate the necessary BHBD 
gene : specific screening probe. Of these pairs, the most successful set was gen- 
erated from nucleotide position 547 to 574 (5' primer) and from nucleotides 
complementary to 820 to 847 (3' primer) (Fig. 2 of reference 70). A DNA 
fragment of the expected -300-bp size was amplified and used as the probe for 
\ phage library screening. 

DNA hybridization. The PCR probe was radiolabeled with the random-primer 
DNA labeling kit (GIBCO BRL) and [a- 32 P]dATP (3.000 Ci/mmol; ICN). The 
radiolabeled probe was denatured in a 0.1 N NaOH solution and then purified 
through a Sephadex G-50 column. Genomic, phage, and plasmid DNAs were 
digested to completion with restriction enzymes and then separated by agarose 
gel electrophoresis. The DNA was transferred to Immobilon-N filters (Schleicher 
& Schuell) in accordance with the manufacturer ? instructions. Phage plaques 
were blotted onto nitrocellulose membranes (Schleicher & Schuell) by the 
method of Benton and Davis (5). Blotted filters were prehybridized, hybridized, 
and washed as described previously (12). 

Cell transformation. Plasmid transformation to £. coli cells was routinely 
performed with competent cells prepared by the RbCl method of Raleigh (53) or 
by the method of Chung and Miller (14). Plasmid transformation to C. acetobu- 
tylicum was performed by the electropo ration method (44). Prior to the trans- 
formation, plasmids were methylated by transforming the plasmids to E. coli 
ER2275 harboring methylating plasmid pANl (Table 1), which expresses the 
Bacillus subrilis phage 63T me thy transferase and protects the plasmids from 
restriction by clostridial endonuclease Cac824I (43). The methylated plasmids 
were then prepared by the Qiagen method and concentrated and desalted with 
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a Microcon-100 microconcentrator (Amicon) in accordance with the manufac- 
turer's instructions. 

Preparation of cell extracts and enzyme assays. Recombinant plasm ids were 
used to transform £. coli XLl-Blue or C. acetobutylicum. Transformants were 
grown in 50 ml of either Luria-Bertani or Clostridium growth medium supple- 
mented with the corresponding antibiotics. After cells reached the stationary 
phase, transformants were harvested by centrifugation. For BHBD and croto- 
nase assays, cells were resuspended in 50 mM 4-morpholinepropanesulfonic acid 
(MOPS) buffer (pH 7.0) containing 1 mM 1,4-dithiothreitol. The cell suspension 
was sonicated in a W-225R sonicator (Heat Systems- Ultrasonics, Inc., Farming- 
dale, N.Y.) at 60% power for 9 to 15 min at 4°C Cell debris was removed by 
centrifugation at 30,000 x g for 30 min at 4°C. For BCD assay, cells were 
resuspended in anaerobic MOPS buffer and 1,4-dithiothreitol was omitted. The 
cell suspensions were treated with lysozyme and then disrupted by vigorous 
vortexing for 10 min inside the anaerobic chamber at 0°C. The suspension was 
capped tightly during centrifugation. After centrifugation, the supernatant was 
transferred into ampoules and sealed tightly to prevent contact with air. 

BHBD activity was analyzed by determining the rate of oxidation of NADH, 
as measured by the decrease in A^q with acetoacetyi-CoA as the substrate (27). 
Croionase activity was analyzed by observing the decreasing absorbance of crot- 
onyl-CoA in the specific absorption band at 263 nm (27). BCD activity was 
analyzed by monitoring the reduction of the ferricenium ion, with an extinction 
coefficient of 4,300 M" 1 cm~ l (38). All absorbance measurements were con- 
ducted on a Gilford model 250 spectrophotometer, and all of the CoA deriva- 
tives used for the assays were obtained from Sigma Chemical Company (St. 
Louis, Mo.). The protein concentration was measured by the dye-binding 
method of Bradford (8) with bovine serum albumin (Bio-Rad) as the standard. 

Protein purification and sequencing. Purified crotonase was obtained as pre- 
viously described (60), except that the cells were harvested at the late-stationary 
phase and ruptured by so ni cation. After purification, samples were loaded onto 
a sodium dodecyl sulfate-12% polyacrylamide gel and a band in the range of 29 
kDa was identified (data not shown). This 29-kDa band was processed for 
sequencing as previously described (12). The N-terminal amino acid sequencing 
data were collected by Richard G. Cook, Baylor College of Medicine, Houston, 
Tex. 

DNA sequence analysis. Recombinant plasmid DNA was prepared for se- 
quencing with a Qiagen purification kit DNA sequencing of both strands was 
conducted by the dideoxy-chain termination method (55). The DNA was radio- 
labeled with [ 35 SjdATP (ICN) and primed with oligonucleotides with a Seque- 
nase Version 2.0 sequencing kit (U.S. Biochemicals) as specified by the manu- 
facturer. 

RNA isolation and primer extension. Total RNA isolation and primer exten- 
sion analysis were performed essentially as previously described (59), except that 
the RNA was isolated from late-stationary- phase cultures. Hybridization of RNA 
with the radiolabeled primers was performed at room temperature. 

Computer programs. Sequence searches were performed with the Genetics 
Computer Group sequence analysis package, version 8.0. The search programs 
employed included Blast, tFastA, FastA, Bestfit, Pileup, and Prettyplot. 

Nucleotide sequence accession number. The complete nucleotide and amino 
acid sequences of the BCS operon (Fig. 1) have been submitted to GenBank and 
assigned accession number U17110. 

RESULTS 

Screening of the phage library. A 300-bp BHBD gene-spe- 
cific PCR product was used as a probe for k library screening 
as described in Materials and Methods. After tertiary screen- 
ing, positive-phage DNA was isolated. The genomic and pos- 
itive-phage DNAs were digested with Hindlll, EcoKV, and 
Bglll and then blotted onto membranes for Southern hybrid- 
ization. Fragments of a 1.3-kb //z/idlll-digested phage DNA, a 
3.6-kb £a>RV-digested phage DNA, and a 9.7-kb BglU-di- 
gested phage DNA were hybridized to the probe; they were the 
same size as those from the corresponding genomic DNA 
digests (data not shown). This suggested that the expected 
chromosomal region containing an hbd gene is located on the 
recombinant phage. This result also suggested that only one 
copy of the hbd gene is present in the chromosome. A restric- 
tion map of this region of the C. acetobutylicum chromosomal 
fragment is shown in Fig. 2. 

Subcloning, mapping, and sequencing. The 3.6-kb EcoKV- 
digested and 9.7-kb 5g/II-digested phage DNA fragments were 
ligated with Smal- and 5amHI-cleaved pUC19 vectors,. respec- 
tively. The resulting recombinant plasmids were correspond- 
ingly designated pb37 and pClO. Various restriction enzymes 
were used for mapping, and the aligned maps of the G aceto- 



butylicum chromosome and subcloned segments in plasmids 
pb37 and pCIO are shown in Fig. 2. The 3.6-kb EcoKV insert 
of pb37 is situated within the 9.7-kb Bglll insert of plasmid 
pCIO. Nucleotide sequencing of the inserts for both subclones 
was initially conducted with the PCR primers previously men- 
tioned. The gene hbd, encoding BHBD from C. acetobutylicum 
ATCC 824, with 282 amino acid residues and a molecular mass 
of 30.5 kDa, was located at the 3' end of the pCIO insert. The 
gene was preceded by a putative Shine-Dalgarno site with the 
sequence AGGGAGG located 8 bp upstream of the ATG start 
codon. A stem-loop sequence existed 9 bp downstream of the 
TAA stop codon (Fig. 1). 

Further nucleotide sequencing of the region upstream of 
hbd revealed a second open reading frame (ORF), located 143 
bp upstream of hbd, encoding a protein with 337 amino acids 
and a molecular mass of 36.1 kDa (Fig. 1). A search of protein 
sequence data banks revealed that the deduced amino acid 
sequence encoded by this ORF had a very high degree of 
homology with those encoded by the fixB genes of G acetobu- 
tylicum P262 (71), Azorhizobium caulinodans (1), and Rhizo- 
bium meliloti (17) and with the a subunit of human (23), rat 
(56), and Paracoccus denitrificans (3) ETFs. This gene is des- 
ignated etfA and is also preceded by a putative Shine-Dalgarno 
sequence (AGGAGG), located 9 bp upstream of the methio- 
nine start codon. 

ETF is a member of the flavoprotein group and plays an 
important role in the p oxidation of fatty acids and in oxidative 
demethylation reactions by coupling several flavoprotein de- 
hydrogenases to the electron transport chain (28, 62). ETFs or 
ETF-like proteins have been isolated from both mammalian 
sources and a variety of bacteria, such as P. elsdenii (63), M. 
elsdenii (50), and P. denitrificans (29, 62). Most of the ETFs 
identified and characterized so far are heterodimers consisting 
of a* and p subunits (50, 62, 63). 

The nucleotide sequence of etfA from C acetobutylicum 
ATCC 824 also shows high-level similarity to the fixB gene, 
which was originally identified within the fixABCX operon 
from different rhizobia and nonsymbiotic bacteria such as A. 
caulinodans (1). Three ORFs of this operon, fixA, fixB, and 
fixC, encode hypothetical proteins with sequence similarity to 
the 3 and a subunits of ETF and ETF-ubiquinone oxidoreduc- 
tase, respectively (1, 3). No specific biochemical function has 
been identified for the fixABCX gene products, but it has been 
suggested that such products are involved in electron transport 
to nitrogenase (1). 

A third ORF, encoding 252 amino acid codons (27.2 kDa), 
was found 37 bp upstream of etfA (Fig. 1). A computer search 
of the deduced peptide sequence demonstrated direct similar- 
ities between this gene product and the P subunit of human 
(22) and P. denitrificans (3) ETFs and between this same prod- 
uct and those of the fixA genes of A. caulinodans (1) and R. 
meliloti (17). This gene, designated etfB, is preceded by the 
putative Shine-Dalgarno sequence AGGAGG and an 8-bp 
space. 

A fourth ORF, of 379 residues, was located 17 bp upstream 
of etfB (Fig. 1), and a computer search revealed high-level 
similarity between this gene product and those of various 
ACDs (31, 41, 42, 48). Because of the nature of BCD, which 
reacts with its related ETF, this ORF most probably represents 
the structural gene that encodes BCD and is therefore desig- 
nated bed. The putative Shine-Dalgarno sequence AGGAGG 
is located 9 bp upstream of the bed Met start codon. 

A fifth ORF, encoding a polypeptide with 261 residues and 
a molecular mass of 28.2 kDa, was located 13 bp upstream of 
bed. The sequencing data for this ORF show homology with 
the incompletely cloned crotonase gene from C. difficile (47) 



1 AGTACGGTAATGTTATTTAAATATATATAAAAATTATTAAAATTTAATATAAAATGGTTTTAA TATTCAAAT ATAAAATAAATCATTATATAATAATTAT i0 o 

-35 -10 

101 AGAAGCATATGCTTCTAATTTTTTGCCCGTCTTTGTTATAATATTAACAATAAAAAAATATTTT AGGAGGA TTAGTCATGGAACTAAACAATGTCATrrT 200 
+1 R.B MELNNVIL 

C£t_> 

201 TGAAAAGGAAGGTAAAGTTGCTGTAGTTACCATTAACAGACCTAAAGCATTAAATGCGTTAAATAGTGATACACTAAAAGAAATGGATTATGTTATAGGT 300 
E K E G KVAVVT IN R P KAL NA LN SDTLKEMD YV IG 

301 GAAATTGAAAATGATAGCGAAGTACTTGCAGTAATTTTAACTGGAGCAGGAGAAAAATCATTTGTAGCAGGAGCAGATATTTCTGAGATGAAGGAAATGA 400 
EIENDSEVLAVILTGAGEKSFVAGADIS.EMKEM 

401 ATACCATTGAAGGTAGAAAATTCGGGATACTTGGAAATAAAGTGTTTAGAAGATTAGAACTTCTTGAAAAGCCTGTAATAGCAGCTGTTAATGGTTTTGC 500 
NTIEGRKFGILGNKVFRRLELLEKPV IAAVNGFA 

SOI TTTAGGAGGCGGATGCGAAATAGCTATGTCTTGTGATATAAGAATAGCTTCAAGCAACGCAAGATTTGGTCAACCAGAAGTAGGTCTCGGAATAACACCT 600 
LGGGCEIAMSCD IR IASSNARFGQPEVGLG ITP 

601 GGTTTTGGTGGTACACAAAGACTTTCAAGATTAGTTGGAATGGGCATGGCAAAGCAGCTTATATTTACTGCACAAAATATAAAGGCAGATGAAGCATTAA 700 
CFGGTQRLSRLVGMGMAKQLIFTAQNIKADEAL 

701 GAATCGGACTTGTAAATAAGGTAGTAGAACCTAGTGAATTAATGAATACAGCAAAAGAAATTGCAAACAAAATTGTGAGCAATGCTCCAGTAGCTGTTAA 800 
RIGLVNKVVEPSELMNTAKEIANKIVSNAPVAVK 

801 GTTAAGCAAACAGGCTATTAATAGAGGAATGCAGTGTGATATTGATACTGCTTTAGCATTTGAATCAGAAGCATTTGGAGAATGCTTTTCAACAGAGGAT 900 
LS KQAINRGMQCDI DTALAFE SE AFGECF S TED 

901 CAAAAGGATGCAATGACAGCTTTCATAGAGAAMGAAAAATTGAAGGCTTCAAAAATAGATA£G^CCTAAGTTTATATGGATTTTAATTTAACAAGAGAA 1000 
Q K D A M T A FIEKRKIEGFKNR R.B MDFNLT RE 

feed > 

1 001 CAAGAATTAGTAAGACAGATGGTTAGAGAATTTGCTGAAAATGAAGTTAAACCTATAGCAGCAGAAATTGATGAAACAGAAAGATTTCCAATGGAAAATG 1100 
QELVRQMVREFAENEVKP I A A E IDETERFPM.EN 

1101 TAAAGAAAATGGGTCAGTATGGTATGATGGGAATTCCATTTTCAAAAGAGTATGGTGGCGCAGGTGGAGATGTATTATCTTATATAATCGCCGTTGAGGA 1200 
VKKMGQYGMMGI PFSKEYGGAGGDVLSY I IAVEE 

1201 ATTATCAAAGGTTTGCGGTACTACAGGAGTTATTCTTTCAGCACATACATCACTTTGTGCTTCATTAATAAATGAACATGGTACAGAAGAACAAAAACAA 1300' 
LSKVCGTTGVI LSAH TSLCAS LINEHGTE EQKQ 

1301 AAATATTTAGTACCTTTAGCTAAAGGTGAAAAAATAGGTGCTTATGGATTGACTGAGCCAAATGCAGGAAC AGATTCTGGAGCACAAC AAACAGTAGCTG 1400 
KYLVP LAKGEKIGAYGLTEPNAGTDSGAQQTVA 

1401 TACTTGAAGGAGATCATTATGTAATTAATGGTTCAAAAATATTCATAACTAATGGAGGAGTTGCAGATACTTTTGTTATATTTGCAATGACTGACAGAAC 1500 
VLEGDHYVINGSKIFITNGGV ADTFVIFAMTDRT 

1501 TAAAGGAACAAAAGGTATATCAGCATTTATAATAGAAAAAGGCTTCAAAGGTTTCTCTATTGGTAAAGTTGAACAAAAGCTTGGAATAAGAGCTTCATCA 1600 
KGTKGISAFIIEKGFftGFSIG'KVEQKLGIRASS 

1601 ACAACTGAACTTGTATTTGAAGATATGATAGTACCAGTAGAAAACATGATTGGTAAAGAAGGAAAAGGCTTCCCTATAGCAATGAAAACTCTTGATGGAG 1700 
TTELVFEOMIVPVENMIGKEGKGFPIAMKTLDG 

1701 GAAGAATTGGTATAGCAGCTCAAGCTTTAGGTATAGCTGAAGGTGCTTTCAACGAAGCAAGAGCTTACATGAAGGAGAGAAAACAATTTGGAAGAAGCCT 1800 
GRIGIAAQALGIAEGAFNEARAYMKERKQFGRSL 

1801 TGACAAATTCCAAGGTCTTGCATGGATGATGGCAGATATGGATGTAGCTATAGAATCAGCTAGATATTTAGTATATAAAGCAGCATATCTTAAACAAGCA 1900 
DKFQGLAWMMADMDVAI ESARYLVYKAAY LKQA 

1901 GGACTTCCATACACAGTTGATGCTGCAAGAGCTAAGCTTCATGCTGCAAATGTAGCAATGGATGTAACAACTAAGGCAGTACAATTATTTGGTGGATACG 2000 
GLPYTVDAARAKLHAANVAMDVTTKAVQLFGGY 

2001 GATATACAAAAGATTATCCAGTTGAAAGAATGATGAGAGATGCTAAGATAACTGAAATATATGAAGGAACTTCAGAAGTTCAGAAATTAGTTATTTCAGG 2100 
GYTKDYPVERMMRDAKITEIYEGTSEVQKL VISG 

2101 AAAAATTTTTAGATAATTTAAj25ACi«TTAAGAGGATGAATATAGTTGTTTGTTTAAAACAAGTTCCAGATACAGCGGAAGTTAGAATAGATCCAGTTAAG 2200 
K I F R R.B M N IVVCLKQVP DTAEVRI DPVK 

etfB 



2201 GGAACACTTATAAGAGAAGGAGTTCCATCAATAATAAATCCAGATGATAAAAACGCACTTGAGGAAGCTTTAGTATTAAAAGATAATT ATGGTGCACATG 2300 
GTLIREGVPSIINPDDKNALEEALVLKDNYGAH 

2301 TAACAGTTATAAGTATGGGACCTCCACAAGCTAAAAATGCTTTAGTAGAAGCTTTGGCTATGGGTGCTGATGAAGCTGTACTTTTAACAGATAGAGCATT 2400 
VTVISMGPPQAKNALVEALAMGADEAVLLTDRAF 

2401 TGGAGGAGCAGATACACTTGCGACTTCACATACAATTGCAGCAGGAATTAAGAAGCTAAAATATGATATAGTTTTTGCTGGAAGGCAGGCTATAGATGGA 2500 
G GAD TLATSHTI AAGIKKLKY D I VFAGR Q A I DG 

2501 GATACAGCTCAGGTTGGACCAGAAATAGCTGAGCATCTTGGAATACCTCAAGTAACTTATGTTGAGAAAGTTGAAGTTGATGGAGATACTTTAAAGATTA 2600 
DTAQVGPEIAEHLGIPQV TYVEKVEVDGDTLKI 

FIG. 1. Nucleotide and deduced amino acid sequences of the genes in the BCS operon. The standard one-letter amino acid abbreviation is shown under the second 
nucleotide of each codon. The putative ribosome-binding (R.B.) site, the promoter sequence -35 and -10 regions, and the transcriptional start site (+1) are 
underlined. A potential transcriptional terminator is indicated by convergent arrows. The putative NAD-binding site for the hbd gene is marked with asterisks. 
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2 601 GAAAAGCTTGGGAAGATGGATATGAAGTTGTTGAAGTTAAGACACCAGTTCTTTTAACAGCAATTAAAGAATTAAATGTTCCAAGATATATGAGTGTAGA 2700 

RKAWEDGYEVVEVKTPVLLTAIKELNVPRYMSVE 

2701 AAAAATATTCGGAGCATTTGATAAAGAAGTAAAAATGTGGACTGCCGATGATATAGATGTAGATAAGGCTAATTTAGGTCTTAAAGGTTCACCAACTAAA 2800 
KIFGAFDKEVKMWTADDIDV DKANLGLKGSPTK 

2801 GTTAAGAAGTCATCAACTAAAGAAGTTAAAGGACAGGGAGAAGTTATTGATAAGCCTGTTAAGGAAGCAGCTGATATGTTGTCTCAAAATTAAAAGAAGA 2900 
VKKSSTKE VKGQGE VI DKPVKEAADM LSQN 

2901 ACACATATTTAAGTTA^A^GATTTTTCAATGAATAAAGCAGATTACAAGGGCGTATGGGTGTTTGCTGAACAAAGAGACGGAGAATTACAAAAGGTAT 3000 
R.B . MNKADYKGVWVFAEQRDGELQKV 

at£a > 

3001 CATTGGAATTATTAGGTAAAGGTAAGGAAATGGCTGAGAAATTAGGCGTTGAATTAACAGCTGTTTTACTTGGACATAATACTGAAAAAATGTCAAAGGA 3100 
SLELLGKGKEMAEKLGVELTAVLLGHNTEKMSKD 

3101 TTTATTATCTCATGGAGCAGAT AAGGTTTTAGCAGCAGATAATGAACTTTTAGCACATTTTTC AACAGATGGATATGCTAAAGTTATATGTGATTTAGTT 3200 

LLSHGADKVLAADNELLAHFSTDGYAKVICDLV 

3201 AATGAAAGAAAGCCAGAAATATTATTCATAGGAGCTACTTTCATAGGAAGAGATTTAGGACCAAGAATAGCAGCAAGACTTTCTACTGGTTTAACTGCTG 3300 

NERKPEILFIGATFIGRDLGPRIAARLSTGLTA 

3301 ATTGTACATCACTTGACATAGATGTAGAAAATAGAGATTTATTGGCTACAAGACCAGCGTTTGGTGGAAATTTGATAGCTACAATAGTTTGTTCAGACCA 3400 

DCTSLDIDVENRDLLATRPAFGGNLIATIVCSDH 

3401 CAGACCACAAATGGCTACAGTAAGACCTGGTGTGTTTTTTGAAAAATTACCTGTTAATGATGCAAATGTTTCTGATGATAAAATAGAAAAAGTTGCAATT 3500 

RPQMATVRPGVFFEKLPVNDANVSDDKIEKVA1 

3501 AAATTAACAGCATCAGACATAAGAACAAAAGTTTCAAAAGTTGTTAAGCTTGCTAAAGATATTGCAGATATCGGAGAAGCTAAGGTATTAGTTGCTGGTG 3600 
KLTASDIRTKVSKVVKLAKDIADIGEAKVLVAG 

3 601 GT AG AGG AG TTGG AAGC A AAGAAAAC TT TGA AAAACTTGAAGAGTT AGC AAG T TT ACTTGG TGGA AC AAT AGCCGC T TC AAG AGC AGC AAT AG AAAAA G A 3700 

GRGVGSKENFEKLEELASLLGGTIAASRAA I EKE 

3701 ATGGGTTGATAAGGACCTTCAAGTAGGTCAAACTGGTAAAACTGTAAGACCAACTCTTTATATTGCATGTGGTATATCAGGAGCTATCCAGCATTTAGCA 3800 

WVDKDLQVGQTGKTVRP TL YIACGI SGAIQH LA 

3801 GGTATGCAAGATTCAGATTACATAATTGCTATAAATAAAGATGTAGAAGCCCCAATAATGAAGGTAGCAGATTTGGCTATAGTTGGTGATGTAAATAAAG 3900 
GMQDSDYI IAINKDVEAPIMKVADLA IVGDVNK 

3 901 TTGTACCAGAATTAATAGCTCAAGTTAAAGCTGCTAATAATTAAGATAAATAAAAAGAATTATTTAAAGCTTATTATGCCAAAATACTTATATAGTATTT 4000 

VVPELIAQVKAANN 

* * 

4001 TGGTGTAAATGCATTGATAGTTTCTTTAAATTTAGGGAGGTCTGTTTAATGCATTGATAGTTCTTTAAATTTftfiflGftGGTCTGTTTAATGAAAAAGGTAT 4100 

R.B. M K K V 

hbd > 

******************************** 

4101 GTGTTATAGGTGCAGGTACTATGGGTTCAGGAATTGCTCAGGCATTTGCAGCTAAAGGATTTGAAGTAGTATTAAGAGATATTAAAGATGAATTTGTTGA 4200 
CVIGAGTMGSGIAQAFAAKGFEVVLRDIKDEFVD 

4201 TAGAGGATTAGATTTTATCAATAAAAATCTTTCTAAATTAGTTAAAAAAGGAAAGATAGAAGAAGCTACTAAAGTTGAAATCTTAACTAGAATTTCCGGA 4300 
RGLDFINKNL SKLVKKGKIEEATKVEI LTRI SG 



4301 ACAGTTGACCTTAATATGGCAGCTGATTGCGATTTAGTTATAGAAGCAGCTGTTGAAAGAATGGATATTAAAAAGCAGATTTTTGCTGACTTAGACAATA 4 400 
TVDLNMAADCDLVIEA AVERMDIKK. QIFADLDN 

4 401 TATGCAAGCCAGAAACAATTCTTGCATCAAATACATCATCACTTTCAATAACAGAAGTGGCATCAGCAACTAAAACTAATGATAAGGTTATAGGTATGCA 4 500 

ICKPETILASNTSSLSITEVASATKTNDKVIGMH 

4501 TTTCTTTAATCCAGCTCCTGTTATGAAGCTTGTAGAGGTAATAAGAGGAATAGCTACATCACAAGAAACTTTTGATGCAGTTAAAGAGACATCTATAGCA 4 600 
FFNPAPVMKLVEVIRGIATSQETFDAVKETSIA 

4601 ATAGGAAAAGATCCTGTAGAAGTAGCAGAAGCACCAGGATTTGTTGTAAATAGAATATTAATACCAATGATTAATGAAGCAGTTGGTATATTAGCAGAAG 4700 
1GKDPVE VAEAPGFVVNRILIPMI NEAVGI L Ar E 

4701 GAATAGCTTCAGTAGAAGACATAGATAAAGCTATGAAACTTGGAGCTAATCACCCAATGGGACCATTAGAATTAGGTGATTTTATAGGTCTTGATATATG 4800 
GIASVEDIDKAMKLGANHPMGPLELGDFIGLDIC 

4801 TCTTGCTATAATGGATGTTTTATACTCAGAAACTGGAGATTCTAAGTATAGACCACATACATTACTTAAGAAGTATGTAAGAGCAGGATGGCTTGGAAGA 4 900 
LAIMDVLYSETGDSKYRPHTLLKKYVRAGWLGR, 

4901 AAATCAGGAAAAGGTTTCTACGATTATTCAAAATAAGTTTACAAGAATCCCCATTATCAAATGGGGATTTTTTATATATAATATAATTTTAGA 

KSGKGFYDYSK > < 

FIG. 1 — Continued. 



3020 BOYNTON ET AL 



J. Bacteriol. 



C. acetobutylicum DNA (9.7 kb) 
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FIG. 2. Transcriptional organization within the clustered genes encoding the enzymes involved in butyryl-CoA synthesis. The restriction sites of the inserts for 
plasmids pb37, pCIO, and pSYL2-BCS are shown. An asterisk indicates loss of the BglW sites for the pCIO insert and'of the EcoRV sites for the pb37 insert because 
of ligation with Aim HI- and 5/miI-digested pUC19 vectors, respectively. The 3.6-kb EcoRV insert of pb37 is located between the second and third, from the left, EcoRV 
sites and contains the partial ETF-A and the entire BHBD coding sequences. Two asterisks indicate that the BanW site is derived from the poivlinker clonin« site of 
pUC19. . 



and with rat ECH (46), Caenorhabditis elegans ECH (66), and 
the ECH part of the fatty oxidation complex of E. coli (67). 
Therefore, this ORF appears to be that for the crt gene, en- 
coding a 28.2-kDa crotonase from C. acetobutylicum ATCC 
824. 

Further sequencing up to a point 500 bp upstream of crt and 
1.2 kb downstream of hbd revealed no obvious ORFs which 
would encode metabolicaily related enzymes of the clostridial 
pathways. No transcriptional termination sequences were 
found in the intergenic regions between the five genes cloned 
in this study. 

Primer extension. Primer extension experiments were con- 

sequences of the crt gene, and one single transcriptional start 
site (Fig, 3} was;de ; te^ 

crt start codon. The corresponding -10 and -35 regions for 
this site matched closely with the consensus promoter se- 
quences. No other transcriptional start sites were identified 
within 150 bp of the start codon of all remaining genes through 
primer extension experiments, suggesting that the clustered 
genes were transcribed as a single unit to form an operon, 
designated BCS (butyryl-CoA synthesis). The complete nucle- 
otide and amino acid sequences of this operon are summarized 
*in Fig. 1. 

Enzyme activity and expression. BHBD, crotonase, and 
BCD assays were performed with crude extracts from E. coli 
XLl-Blue containing either pUC19 (control), pb37, or pCIO. 
These enzyme activities are shown in Table 2. E. coli cells 
harboring pb37 exhibited an NADH-dependent BHBD activity 
approximately 60 times greater than that of the control, 
whereas £. coli cells harboring pCIO exhibited BHBD activity 
70 times greater and crotonase activity about 140 times higher 
than that of the control strain. 

The assay for BCD activity in £. coli was not successful, 



GAT C PE 




3" 5* 

FIG. 3. Determination of the transcription start site by primer extension 
analysis. An oligonucleotide complementary to the crt sequence {from nucleotide 
position 217 to 233 [Fig. 1]) was hybridized to RNA isolated from a stationary- 
phase culture of C acetobutylicum and extended by reverse transcriptase. Lane 
PE represents the primer extension product. Lanes G t A. T, and C represent the 
sequencing reaction products obtained by using the same oligonucleotide as the 
primer and recombinant plasmid pCIO as the template. 
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TABLE 2. Enzyme activities of recombinant E. coli 
and C. acetoburylicum strains 



Organism and plasmid 



Mean sp act (U/mg) fl 



Crotonase 



BHBD 



BCD 



Aerobically grown E. coli 
pUC19 
pb37 
pCIO 


0.1 
0.1 
13.7 


n 1 

U.I 

5.6 
7.4 


b 


pSYL2 
pSYL2-BCS 


0.3 
46.5 


0.1 
11.6 




Anaerobically grown E. coli 
pSYL2 
pSYL2-BCS 


0.1 
187.5 


<0.03 
8.6 




C acetobutylicum 
pSYU ' 
pSYL2-BCS 


67.0 
128.6 


6.6 
11.0 


12 
3.3 



W(iawu u „ ai jciai iwu inucpcnuenuy prepared extracts and 

were reproducible within 15% of the value given. One unit is the amount of 
enzyme that converts 1 u.mol of the substrate to the product per min. 

— , undetectable; the minimum measurable specific activity of BCD is -004 
U/mg. 



probably because of the instability of this enzyme. A 6.8-kb 
Banll fragment containing the entire operon was therefore 
subcloned to E. coli-C. acetobutylicum shuttle vector pSYL2, 
which contains both E. coli and clostridial origins of replication 
(36, 37). The subclone was designated pSYL2-BCS. Both 
pSYL2 and pSYL2-BCS were used to transform either E. coli 
XLl-Blue or C acetobutylicum as described in Materials and 
Methods. Crude extracts from cultures containing either 
pSYL2 (control) or pSYL2-BCS were assayed for BHBD, cro- 
tonase, and BCD activities, and the results are shown in Table 
2. During the stationary phase, the BHBD and crotonase ac- 
tivities were elevated significantly in E. coli harboring plasmid 
pSYL2-BCS. However, BCD activity was undetected in E. coli 
extracts made from cells grown either aerobically or anaerobi- 
cally. For C acetobutylicum, the BHBD, crotonase, and BCD 
activity levels increased two- to threefold when the cells har- 
bored the subclone (Table 2). 

Protein sequence analysis and alignment The N-terminal 
amino acid sequence of the purified 29-kDa crotonase was 
determined, and the first 10 amino acid residues were as fol- 
lows: Lys/Thr-Glu-Leu-Asn-Asn-Val-Ile-Leu-Glu-Lys. Puri- 
fied crotonase exhibited a molecular size much smaller than 
that previously reported (29 versus 43 kDa) (60). However, the 
N-terminal sequencing data from the purified crotonase agree 
closely with the peptide sequence deduced from its cloned 
gene, except that the first methionine residue from the N- 
terminal sequencing data was ambiguous. The reason for the 
somewhat smaller crotonase molecular size is not known. 
However, this subunit is quite similar in size to the correspond- 
ing purified bovine enzyme (61). 

The best alignment of the C. acetobutylicum crotonase se- 
quence demonstrated the following identities and similarities 
(m parentheses) with the related proteins shown: 64% (19%) 
in a 15>amino-acid overlap for C. difficile, 41% (66%) for rats, 
40% (65%) for C elegans, and 34% (59%) for E. coli The 
corresponding BCD values are 56% (73%) for M. elsdenii, 48% 
(68%) for rats, and 48% (66%) for humans. The correspond- 
ing ETF-B values are 46% (67%) for R. melilotU 46% (66%) 
f ldinodam > 32% (55%) for P. denitrificans, and 30% 
po%) for humans. The corresponding ETF-A values are 74% 



(86%) for C acetobutylicum P262, 45% (67%) for A caulino- 
dans, 46% (65%) for* melUoti, 39% (61%) for humans, 36% 
(58%) for P. denitrificans, and 35% (59%) for rats. 

The amino acid sequence deduced from hbd contains 282 
residues, the same as that from C acetobutylicum P262 (70). In 
fact, they had 87% similarity and 78% identity. The hbd gene 
from C. acetobutylicum ATCC 824 also has 75% similarityand 
64% identity with hbd from C difficile (47), 61% similarity and 
44% identity with the equivalent porcine HAD from fatty acid 
P oxidation (7), and 56% similarity and 38% identity with the 
HAD portion of the bifunctional enzyme from rat peroxisomes 
(49). The hbd gene also exhibited 55% similarity and 37% 
identity with the HAD portion of the fadBA operon, which 
encodes a multifunctional enzyme complex in E. coli (57, 68). 

DISCUSSION 

In the central acetone-butanol fermentation pathway, 
* BHBD, crotonase, and BCD catalyze the conversion of aceto- 
acetyl-CoA to butyryl-CoA. There have been no reports of the 
purification and characterization of all of the enzymes respon- 
sible for this conversion. The cloning of the genes encoding 
these enzymes has therefore provided new information con- 
cerning gene arrangement and regulation. It has been shown 
that the specific activity levels of BHBD and crotonase in C. 
acetobutylicum follow similar patterns throughout the course of 
fermentation (27). Judging from the gene arrangement (Fig. 
2), it is probable that these genes form an operon which cor- 
responds to a regulatory unit of the associated functions. This 
suggestion was further confirmed through primer extension 
experiments (Fig. 3). A single transcriptional start site was 
identified upstream of m, but none was identified upstream of 
any other gene in the cluster. 

The crt and hbd genes are highly expressed in E. coli (Table 
2). However, BCD activity was detected only in C acetobuty- 
licum extract and not in E. coli extract, even when E. coli was 
grown under anaerobic conditions. The reason for this finding 
is not known, but it may result from improper folding of the 
expressed protein and its lack of function in £. coli. Although 
BHBD, crotonase, and BCD activities are elevated in C. ace- 
tobutylicum harboring pSYL2-BCS, the elevated levels are not 
as high as for those in E. coli. It is possible that the specific 
activity levels of BHBD, crotonase, and BCD in C. acetobuty- 
licum are already very high (27, 60). An increased gene dosage 
might not exhibit as dramatic an effect on enzyme activity 
levels as in £. coli, where the basal activity of BHBD, croto- 
nase, or BCD is at a very low level (Table 2). Alternatively, 
perhaps an autoregulatory control exists. 

The cloning of the etfAB genes provides insight into impor- 
tant but previously unidentified elements in the clostridial bu- 
tyryl-CoA synthesis pathway. Neither ETF nor the related en- 
zyme BCD has been purified from C. acetobutylicum. In fact, it 
was not until recently that the presence of a BCD-related ETF 
in solvent-producing Clostridia was suggested (13). This pres- 
ence was suggested primarily because of the* isolation of 
NAD(P)H-specific ETFs from other anaerobic bacteria or mi- 
tochondria (15, 35, 50, 63). Previous studies show striking sim- 
ilarities in electrochemical behavior and sequence structure 
between mammalian and bacterial BCD or ETF (62). Because 
of these homologies, structural and mechanistic similarities 
would be expected. Interestingly, the nucleotide sequence of 
etfA also exhibited close homology with that of the fixB gene 
located upstream of hbd in C acetobutylicum P262 (71). Judg- 
ing from the gene structure and arrangement, it is probabfe 
that the two are homologous genes from different clostridial 
strains. 
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FIG. 4. Aligns, of ft. amino acid sequence of C ******* BCD and 

The residues suggested to be involved in short-chain specificity are marked with dots. 



There are two reasons for the gene designation etfAB (C. 
acetobutylicum ATCC 824) instead of fixBA (C acetobutylicum 
P262 [71]). First, ETF from P. denitrificans has been punned 
and characterized (29, 62) and its encoding gene has been 
cloned and expressed (3). BCD-related ETF has also been 
purified from the anaerobic bacteria M elsdenii and P. ebdenu. 
and characterized (50, 63). The etfAB genes from P, denitrifi- 
cans show close homology to the etfAB genes from C aceto- 
butylicum ATCC 824. Second, judging from the arrangements 
of the etfAB and bed gene structures of C acetobutylicum 
ATCC 824 (Fig. 2), it is reasonable to propose that ETF-A and 
ETF-B form the two subunits of an ETF-like heterodimer. 
This heterodimer is proposed to be involved in electron trans- 
fer to BCD, just as for the mitochondrial a- and fJ-ETF func- 
tions. Finally, the fixAB designation for C acetobutylicum P262 
was based on sequence homology (71) without the knowledge 
of the location of the bed structural gene and experimental 
confirmation of the enzyme functions. Therefore, etfAB may be 
a better designation for these genes and provide a more suc- 
cinct explanation of the functions of the enzymes they encode. 

Various dehydrogenases are characterized by two major do- 
mains. One domain is involved in coenzyme binding, and the 
other is involved in substrate binding (54). The common struc- 
ture of the NAD-binding site in many dehydrogenases is a pap 
fold centered around a conserved G-x-G-x-x-G sequence (64) 
A similar supersecondary structure, including residues 3 to 33 



(Fig. 1), was observed by alignment of BHBD from strain 
ATCC 824 with the pig and rat HAD enzymes (data not 
shown). This observation is in agreement with an X-ray crys- 
tallography study of crystallized porcine HAD at 2.8 A (0.28 
nm) which suggests that the NAD-binding site of this enzyme 
is located within the amino-terminal domain (6). 

Alignment of the deduced amino acid sequence of BCD with 
those of functionally related enzymes (Fig. 4) showed that m C 
acetobutylicum, Glu-363 is the residue homologous to Glu-376 
in medium-chain ACD (MACD), Glu-368 in SACD, and Glu- 
367 in BCD from M. elsdenii. Recently, the catalytic role of 
these glutamic acid residues has been confirmed by both site- 
directed mutagenesis and crystal structure analysis of MACD 
(9, 33, 34, 51), SACD (32, 39), and BCD from M elsdenii (2, 
16). Tliese catalytic glutamic acids are responsible for the a,p- 
dehydrogenation reaction, and more specifically, the a-proton 
abstraction (21). Since in C acetobutylicum, Glu-363 is the 
residue homologous to the noted catalytic sites (Fig. 4), it is 
highly probable that this residue is active in such catalysis. 

The acyl-CoA substrate binding sites of BCD from M. els- 
denii and porcine MACD have already been carefully demon- 
strated (16, 33). The reason for substrate specificity between 
MACD and BCD might be the binding cavity for a different 
substrate molecule length (16). The relatively shallow cavity 
for BCD from M. elsdenii results from the insertion of a single 
amino acid, Val-94. This insertion distorts the helix that binds 
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the substrate, thereby bringing it closer. Another reason for the 
deeper cavity for MACD is the side chain of residue Pro-257, 
which results in a helix that is less aligned and farther removed 
from the substrate. From the alignment data (Fig. 4), it is 
evident that BCD from C. acetobutylicum also contains an 
additional residue (Thr-91) at the same position as observed in 
BCD from M. elsdenii. In addition, the proline in MACD is 
replaced by isoleucine in various SACDs, including Ile-244 in 
C. acetobutylicum. It is therefore expected that BCD from C 
acetobutylicum might also exhibit a shallow substrate-binding 
cavity, thus explaining the short-chain specificity of this en- 
zyme. 

The amino acid sequence alignment of ACDs from rat, hu- 
man, and bacterial sources (Fig, 4) showed no region that has 
the clear homology to the flavin adenine dinucleotide-binding 
sites (GxGxxG patches) found in the other flavin adenine dinu- 
cleotide-binding enzymes. This observation is consistent with 
the results of three-dimensional studies which showed no clas- 
sical nucleotide-binding domain (Pap secondary structure) in 
the vicinity of the flavin adenine dinucleotide-binding site (34). 
This finding is also consistent with the knowledge that ACDs 
require an ETF as the electron donor-acceptor, while other 
flavoproteins contain a binding site for NAD or NADP. 

In C. acetobutylicum P262, hbd is downstream of fixB and 
upstream oladh-1, an alcohol dehydrogenase gene. There was 
no transcription termination sequence between any two of 
these three genes (70, 71). In C. difficile, hbd is downstream of 
a putative crotonase gene and upstream of a thiolase gene, 
with a termination sequence between the crotonase and hbd 
genes but no such sequence between hbd and the gene for 
thiolase (47). In C acetobutylicum ATCC 824, hbd is down- 
stream of etfA and is followed by a stem-loop structure after its 
stop codon (Fig. 1). Sequencing data for the 1.2-kb region 
downstream of hbd revealed no obvious ORF that could cor- 
respond to an alcohol dehydrogenase- or thiolase-encoding 
gene. 

It is interesting that the peptide sequences deduced from the 
BCS operon genes all have close homology with the equivalent 
enzymes involved in fatty acid p oxidation. This characteristic 
suggests that a common origin and mechanism exist for the 
fatty acid P-oxidation pathway of mammalian mitochondria 
and the butanol-butyrate synthesis pathway of Clostridia. 
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The purified multienzyme complex of fatty acid oxidation from Escherichia 
' coli was found to possess 3-hydroxyacyl-coenzyme A (CoA) epimerase and cis- 

A -£ra/is-A 2 -enoyl-CoA isomerase activities in addition to the previously identified 
enoyl-CoA hydratase, L-3-hydroxyacyl-CoA dehydrogenase, and 3-ketoactyl-CoA 
thiolase activities. Evidence is presented in support of the proposed association of 
all five enzyme activities with one protein which apparently is composed of two 
types of subunits and which can exist in several aggregated forms. The five 
component enzymes of the complex were rapidly inactivated by tris(hy- 
droxymethyl)aminomethane, whereas they remained active in the presence of 
potassium phosphate. 



Fatty acid oxidation in Escherichia coli is 
.catalyzed by an inducible enzyme system (13, 
17). Acyl coenzyme A (acyl-CoA) synthetase 

. (EC 6.2.1.3), at least two acyl-CoA dehydrogen- 
ases (EC 1.3.99.2 and 1.3.99.3), enoyl-CoA hy- 
dratase (EC 4.2.1.17), L-3-hydroxyacyl-CoA de- 
hydrogenase (EC 1.1.1.35), 3-ketoacyl-CoA thi- 
olase (EC 2.3.1.16), 3-hydroxyacyl-CoA epimer- 

, ase (EC 5.1.2.3), and cis-tf -trans- A 2 -enoyl-CoA 
isomerase (EC 5.3.3.3) are induced when E. coli 
cells are grown on long-chain fatty acids as the 
sole carbon source (6, 12, 13, 17). The isolation 
and mapping of mutants of fatty acid oxidation 
led to the conclusion that the genes for the 
enzymes of fatty acid oxidation are located on 
three separate regions of the E. coli chromosome 
(6). The genes for acyl-CoA synthetase and for 
the acyl-CoA dehydrogenases were mapped on 
different locations of the chromosome unlinked 
to the genes of enoyl-CoA hydratase, 3-hydrox- 
yacyl-CoA dehydrogenase, 3-ketoacyl-CoA thi- 
olase, 3-hydroxyacyl-CoA epimerase, and cts-A 3 - 

, &"an$-A 2 -enoyl-CoA isomerase, which appar- 
ently form an operon (6, 12). 

In a previous publication we reported the iso- 
lation and purification of a multienzyme com- 
plex of fatty acid oxidation from £. coli B cells 
*hich exhibited enoyl-CoA hydratase, 3-hydrox- 
yacyl-CoA dehydrogenase, and 3-ketoacyl-CoA 
thiolase activities (2). In the present communi- 
cation we report that the complex exhibits, ad- 
ditionally, 3-hydroxyacyl-CoA epimerase and 
j*s-A -£rans-A 2 -enoyl-CoA isomerase activities, 
both of which are required for the degradation 
of unsaturated fatty acids. We . also provide evi- 



dence for the association of these five enzyme 
activities with one protein which can exist in 
different polymeric forms. 

MATERIALS AND METHODS 

Materials. The preparation of several substrates 
and the sources of most materials have been presented 
recently (2, 3). Polyacrylamide gradient gels were ob- 
tained from Pharmacia Fine Chemicals. DL-3-Hydrox- 
ydodecanoic acid was synthesized by reduction of 
ethyl 3-ketododecanoate with NaBH 4 , followed by al- 
kaline hydrolysis. Ethyl 3-ketododecanoate was pre- 
pared by an established procedure (5). cts-A 3 ' 4 -Octen- 
oic acid was synthesized from 3-octyn-l-ol obtained 
from Pfaltz and Bauer by following the procedure of 
Stoffel and Ecker (16). The CoA derivatives of cis-A 3 * 4 - 
octenoic acid and DL-3-hydroxydodecanoic acid were 
prepared by the mixed anhydride method of Goldman 
and Vagelos (4). Pig heart 3-ketoacyl-CoA thiolase 
was purified as previously described (15). The condi- 
tions of growth of E. coli B cells (ATCC 11775) in- 
duced for the enzymes of ^-oxidation and the purifi- 
cation of the multienzyme complex of fatty acid oxi- 
dation have been described previously (2, 3). 

Protein and enzyme assays. Protein concentra- 
tions were determined by the method of Lowry et al. 
(8). Thiolase, L-3-hydroxyacyl-CoA dehydrogenase, 
and enoyl-CoA hydratase were assayed spectropho- 
tometrically at 303, 340, 263 nm, respectively, as de- 
scribed in principal by Lynen and Ochoa (9) and as 
detailed previously (3, 14, 17). Acyl-CoA synthetase 
was assayed by the method of Romberg and Pricer 
(7) as described by Overath et al. (12). Acyl-CoA 
dehydrogenase assays were performed as described by 
Beinert (1). 3-Hydroxyacyl-CoA epimerase activities 
were measured spectrophotometrically at 340 nm and 
at 30°C by an assay in which the epimerase-dependent 
formation of L-hydroxydodecanoyl-CoA was coupled 
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to its dehydrogenation and thiolytic cleavage, which 
were catalyzed by L-3-hydroxyacyl-CoA dehydrogen- 
ase and 3-ketoacyl-CoA thiolase, respectively. The 
assay mixture contained 0,166 M potassium phosphate 
(pH 8), 0.3 mg of bovine serum albumin per ml, 0.5 
mM oxidized nicotinamide adenine dinucleotide, 0.1 
mM CoA-sulfhydryl, 60 juM DL-3-hydroxydodecanoyl- 
CoA, 2 /xg of L-3-hydroxyacyl-CoA dehydrogenase per 
ml, and 1 jug of 3-ketoacyl-CoA thiolase per ml. The 
reaction was allowed to proceed until the L-isomer of 
3-hydroxydodecanoyl-CoA was completely degraded. 
The epimerase assay was then initiated by the addition 
of the multienzyme complex of fatty acid oxidation. 
cw-A 3 -*rans-A 2 -Enoyl-CoA epimerase activity was 
measured spectrophotometrically at 340 nm and at 
30°C by an assay in which the isomerase-dependent 
formation of /rans-A 2 -enoyl-CoA was coupled to its 
hydration, dehydrogenation, and finally thiolytic 
cleavage, which were catalyzed by crotonase, L-3-hy- 
droxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA 
thiolase, respectively. The assay mixture contained 
0.166 M potassium phosphate (pH 8), 0.5 mM oxidized 
nicotinamide adenine dinucleotide, 0.1 mM CoA- 
sulfhydryl, 30 /xM cts-A 3 -octenoyi-CoA, 2.5 /ig of 3- 
ketoacyl-CoA thiolase per ml, 2 /ig of L-3-hydroxyacyl- 
CoA dehydrogenase per ml, and 7.5 /tg of crotonase 
per ml. The reaction was started by the addition of 
the multienzyme complex of fatty acid oxidation. In 
homogenates, activities of L-3-hydroxyacyl-CoA de- 
hydrogenase, epimerase, and isomerase were assayed 
after heating the preparations for 1 min at 70° C to 
destroy reduced nicotinamide adenine dinucleotide de- 
hydrogenase. One unit of enzyme activity is defined as 
1 /imol of substrate converted to product per min. 

Gel electrophoresis. Electrophoresis experiments 
were performed with 4 to 30% polyacrylamide gradient 
gel slabs (7.6 by 7.5 cm). After application of the 
protein samples, the gels were subjected to electro- 
phoresis for 5 h at 100 V in a Pharmacia GE-4 electro- 
phoresis apparatus. The electrophoresis buffer was 
0.09 M tris(hydroxymethyl)aminomethane (Tris)- 
boric acid (pH 8.35)-2.5 mM ethylenediaminetetraac- 
etate. After completion of the electrophoresis, either 
the total slab or narrow slices cut vertically from each 
side of the slab were stained for 40 min with \% 
Coomassie brilliant blue and destained for 1 h in 1% 
acetic acid, after which the protein bands were visible. 
In those cases where only two slices of the slab had 
been stained for protein, the remainder of the gel was 
cut horizontally into several segments so that each of 
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the main protein bands was associated with a seDam " ' 
slice. All slices were extracted for 18 h in a rnin^S ' 
volume of 0.02 M potassium phosphate (pH 8)c2 
taining 10% glycerol, 1 mg of bovine serum alburn^ 
per ml, and 5 mM mercaptoethanol. 



RESULTS AND DISCUSSION 

Enoyl-CoA hydratase, L-3-hydroxyacyl-CoA^ 
dehydrogenase, and 3-ketoacyl-CoA thiolase, 
three of the seven known enzyme activities re- 
quired for the degradation of fatty acid to acetyl 
CoA in E. coli y were found to be associated in % 
multienzyme complex (2, 10). The purified com- 
plex, after heat treatment and chromatography 
on phosphocellulose, was devoid of acvl-CoA 
synthetase and acyl-CoA dehydrogenase' activi- r 
ties (2). Because the same observation was made' 
when the heat treatment step was omitted, it b 
concluded that acyl-CoA synthetase and the! 
acyl-CoA dehydrogenases are not component 
enzymes of the purified multienzyme complex of 
fatty acid oxidation. However, both 3-hydroxy- 
acyl-CoA epimerase and cis- A 3 - frans- A 2 -enoyI- 
CoA isomerase activities were detected in puri- 
fied preparations of the complex. To further - 
investigate their possible association with the" 
complex, the co-purification of enoyl-CoA hy- 
dratase, L-3-hydroxyacyI-CoA dehydrogenase, 3- ' 
ketoacyl-CoA thiolase, 3-hydroxyacyl-CoA epi- 
merase, and as- A 3 - trans- A 2 - enoyl-Co A isomer- 
ase was studied. Results (Table 1) show that all 
five enzymes were purified to the same extent 
(36- to 39-fold) when an E. coli homogenate was 
subjected to heat treatment and chromatogra- 
phy on a phosphocellulose column from which 
not only thiolase, 3-hydroxyacyl-CoA dehydro- 
genase, and enoyl-CoA hydratase (2), but also 
epimerase and isomerase, were eluted coinci- 
dently. These observations suggest that the epi- . 
merase and isomerase are possibly associated 
with the multienzyme complex of fatty acid ox-" 
idation. 

When the homogeneity of the purified com- 
plex was evaluated by polyacrylamide gradient 
gel electrophoresis, two intense protein bands 



Table 1. Purification of the multienzyme complex of f atty acid oxidation from E. coli a 

Sp act (/imol/min per mg) 

Enzyme Substrate 



Enoyl-CoA hydratase 
L-3-Hydroxyacyl-CoA dehydro- 
genase 
3-Ketoacyl-CoA thiolase 
3-Hydroxyacyl-CoA epimerase 
cw-d 3 -*ra/w-A 2 -Enoyl-CoA isom- 
erase 



Crotonyl-CoA 
Acetoacetyl-CoA 

Acetoacetyl-CoA 

D-3-Hydroxydodecanoyl-CoA 

cts-A 3 -OctenoyI-CoA 



Homogenate 


Purified^ro- 
tein 


Yield (%) 


Purification 
(-fold) 


1.5 


57 


41 


38 


0.41 


16 


44 


39 


0.05 


L9 


42 


38 


0.05 


1.8 


39 


36 


0.15 


5.7 


42 


38 



9 For experimental details see text. 
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Direction of Migration 

Fig. 1. Electrophoresis of the purified complex of 
fatty acid oxidation (0.3$ mg)ona4 to 30% polyacryl- 
amide gradient gel. The recorder tracing was ob- 
tained by scanning the absorbance at 500 nm of a gel 
slice stained for protein. The bars represent enovl- 
CoA hydratase activity measured in the extracts of 
various gel segments. For details see text. 

were observed (Fig. 1). The molecular weights 
of the two corresponding proteins were esti- 
mated by comparison with proteins of known 
molecular weight to be 265,000 (peak A) and 
580,000 (peak B) (Fig. 2). The relative amounts 
of the two protems corresponding to peaks A 
and B differed from one preparation to the next, 
but the ratio of their molecular weights was 
consistently found to be approximately 1:2. Be- 
cause the molecular weight of the multienzyme 
complex of fatty acid oxidation had been deter- 
mined previously to be approximately 300,000 
12), peak A must correspond to the complex 
whereas peak B was suspected to be due to a 
*mer of the complex. Preparations of the com- 
plex which contained a large amount of the 
putative dimeric form of the complex were re- 
eved on polyacrylamide gradient gel electro- 
j- Paresis into three bands (bands A through C) 
f «* slowest moving of which (band C) was ap- 
parently due to a trimeric form of the complex, 
an estimated molecular weight of 820,000 
: !f^- 2 » : Polyacrylamide gel electrophoresis of 
, «e purified complex in the presence of sodium 
^ Sv?k !^f fce demon strated the presence of 
E S^, 42 ' 000 - and 78,000-dalton polypeptides 
f gviously identified (2). Analysis by two-dimen- 

* ele( *rophoresis proved that the pro- 
v corresponding to peaks A and B had iden- 

> fctrf 1 i structures ( F ig- 2). Definite proof 

* tad ft- relationshi P between proteins A 
th g ' l) Was obtained w hen the presence 

£ 9^Jj ame enzvmatic activities in these two 
I HS* estabUshed - All five enzymes listed 
Protein a We ? found t0 be associated with both 
The •« protein B (Fi S* 1 and Ta ble 2). 
U ^SZ C u and relative activities of the five 

> jmes observed in regions A and B of the gel 
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are given in fable 2. In view of the low activities 
present in the gel extracts, the relative activities 
of the enzymes located in regions A and B of the 
gel agree reasonably well with those of the start- 
ing material (Table 2) except for thiolase, which 
under a variety of conditions was found to be 
inactivated more easily than the other enzymes. 
The activities of all five enzymes in the regions 
adjacent and between the peaks were either very 
low or undetectable, as in the case of enzymes 
with low specific activities. We therefore con- 
elude that epimerase and isomerase, in addition 
to the three previously identified enzymes of j3- 
oxidation, enoyl-CoA hydratase, L-3-hydroxy- 
acyl-CoA dehydrogenase, and 3-ketoacyl-CoA 
thiolase, are component enzymes of the multien- 
zyme complex of fatty acid oxidation and that 
protein B is an enzymatically active dimer of the 
multienzyme complex of fatty acid oxidation. 

During our studies of E. coli thiolases we 
observed and reported (3) that 3-ketoacyl-CoA 



a 
b 
c 
id 

; e 




Fig. 2. Two-dimensional polyacrylamide gel elec- 
trophoresis of the multienzyme complex of fatty acid 
oxidation from E. colL In gel I the native complex 
and several protein standards were run on a 4% (top) 
to 30% polyacrylamide gel as described in the text 
Before staining the gel, a slice identical to segment f 
which contained only the multienzyme complex, was 
cut off. This slice was incubated with a buffer con- 
taining sodium dodecyl sulfate and mercaptoethanol, 
placed on top of a sodium dodecyl sulfate-polyacryl- 
amide gel (10%, gel 2), and subjected to electropho- 
resis as described by O'Farrell (11). Arrows indicate 
directions of migration. Lane a, apoferritin; lane b, 
ovalbumin; lane c, bovine serum albumin; lane d, 
lactate dehydrogenase; lane e, catalase; lane f mul- 
^nzyme complex of fatty acid oxidation from E. coli. 
The positions of the monomeric, dimeric, and trimeric 
forms of the complex are marked as A, B, and C, 
respectively. 
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Table 2. Activities of the component enzymes of the monomer and dimer of the multienzyme complex of 

fatty acid oxidation from E. coll 1 



Enzyme 



Substrate 



Sp act < umoi/min per mm of „ , . 

?el) d Relative activity (^j 





A* 




PC r 


A 6 




Crotonyl-CoA 
Acetoacetyl-CoA 


0.71 
0.24 


0.5 
0.21 


100 
29 


100 
34 


100 
42 


3 : Ketodecanoyl-CoA 

D-3-Hydroxydodecanoyl : CoA 

cis-A'-Octenoyl-CoA 


0.2 

0.085 

0.021 


0.15 

0.046 

0.014 


69 
10 

3.2 


28 
12 
2.9 


30 
9.1 
2.7 



Enoyl-CoA hydratase 
L-3-Hydroxyacyl-CoA dehydro- 
genase 
3-Ketoacyl-CoA thiolase 
3-Hydroxyacyl-CoA epimerase 
cts-A 3 -fra/is-A J -Enoyl-CoA iso- 
merase 



8 Separation of the monomer and dimer of the complex and enzyme assays were performed as described in the text and in the 
legend to Fig. 1. 

6 A and B, Extracts from regions A and B of polyacrylamide gradient gel (Fig. 1 1. 

c PC, Purified complex of fatty acid oxidation. Specific activities of this preparation are given in Table 1 except for thioU*» 
activity with 3-ketodecanoyl-CoA, which was 39.3 U/mg. 

d Because the gel was divided into unequal slices, the enzyme activities determined in the gel extracts were normalized with 
respect to the width of the gel slices. 




Time (min.) 



Fig. 3. Effects of Tris- hydrochloride and potas- 
sium phosphate on the activities of the multienzyme 
complex of fatty acid oxidation. Purified complex (27 
ixg/ml) at 0°C in the presence of 1 M Tris -hydrochlo- 
ride pH 8 ( ) or 0.2 M potassium phosphate, pH 8 

{ ). The activities of the five component enzymes 

were determined as a function of time. Symbols: 
thiolase activity with acetoacetyl-CoA; O, thiolase 
activity with 3-ketodecanoyl-CoA; A, L-3-hydroxy- 
acyl-CoA dehydrogenase with acetoacetyl-CoA; A, 
L-3-hydroxyacyl-CoA dehydrogenase with 3-ketode- 
canoyl-CoA. The inactivation curves for enoyl-CoA 



thiolase (thiolase I), which is a component en- 
zyme of the fatty acid oxidation complex (2), was 
easily inactivated in dilute solution, although it 
was surprisingly heat stable. Further studies 
proved that this inactivation was caused by Tris- 
hydrochloride buffer, which was routinely used 
for diluting and assaying this enzyme. A system- 
atic study of this phenomenon revealed that all 
component enzymes of the complex were inac- 
tivated by Tris-hydrochloride. The half-times 
for the inactivations were 2 min for thiolase and 
4 to 4.5 min for the other four enzymes when 
the complex .(at a concentration of 27 /xg/ml) 
was kept in 1 M Tris-hydrochloride, pH 8.1 (Fig. 
3). However, in 0.2 M potassium phosphate (pH 
8) none of the enzymes was significantly inacti- 
vated (Fig. 3). The inactivation was slower and 
not complete when the concentration of the 
protein was higher or when that of Tris-hydro- 
chloride was lower. Because the Tris- dependent 
inactivation of long-chain enqyl- Go A* hydratase 
was slower than that of crotonase and because 
the ratio of short-chain to long-chain enoyl-CoA 
hydratase activities did not remain constant dur- 
ing the purification of the protein, the possibility 
exists that two enoyl-CoA hydratases are pres- 
ent in the complex. There is no evidence for the 
presence of more than one thiolase or one L-3- 
hydroxyacyl-CoA dehydrogenase in the com- 
plex. 

We conclude that in E. coli the five enzymes 
enoyl-CoA hydratase, L-3-hydroxyacyl-CoA de- 
hydrogenase. 3-ketoacyI-CoA thiolase, 3-hy- 



hydratase with crotonyl-CoA, 3-hydroxyacyl-CoA 
epimerase, and cis-tf-trans-tf-enoyl-CoA isomerast 
were virtually identical to that of L-3-hydroxyacyl- 
CoA dehydrogenase. 



Vol. 137, 1979 FATTY ACI 

droxyacyl-CoA epimerase, and cis-A 3 -£rans-A 2 - 
enoyl-CoA isomerase, whose genes are closely 
linked and possibly form an operon (12), are 
associated in a multienzyme complex of fatty 
acid oxidation. Further studies should establish 
the quaternary structure of the complex as well 
as the physiological significance of the arrange- 
ment of several, but not all, enzymes of ^-oxi- 
dation in a multienzyme complex. 
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Cloning and Analysis of the Poly(3-Hydroxybutyrate-co-3- 
Hydroxyhexanoate) Biosynthesis Genes 
of Aeromonas caviae 

TOSHIAKI FUKUI and YOSHIHARU DOI* 

Polymer Chemistry Laboratory, Institute of Physical and Chemical Research (RIKEN), 
Hirosawa, Wako-shi, Saitama 351-01, Japan 

Received 13 December 1996/Accepted 14 April 1997 

A 5.0-kbp EcoRV-EcoW restriction fragment was cloned and analyzed from genomic DNA of Aeromonas 
caviae, a bacterium producing a copolyester of (/?)-3-hydroxyburyrate (3HB) and (tf)-3-hydroxyhexanoate (3HHx) 
[P(3HB-co-3HHx)] from alkanoic acids or oils. The nucleotide sequence of this region showed a 1,782-bp poly 
(3-hydroxyalkanoate) (PHA) synthase gene (phaC Ac [i.e., the phaC gene from A. caviae]) together with four 
open reading frames (ORF1, -3, -4, and -5) and one putative promoter region. The cloned fragments could not 
only complement PHA-negative mutants of Alcaligenes eutrophus and Pseudomonas putida, but also confer the 
ability to synthesize P(3HB-co-3HHx) from octanoate or hexanoate on the mutants' hosts. Furthermore, 
coexpression of ORF1 and ORF3 genes with phaC Ac in the A. eutrophus mutant resulted in a decrease in the 
polyester content of the cells. Escherichia coli expressing ORF3 showed (if)-enoyl-coenzyme A (CoA) hydra tase 
activity, suggesting that (/?)-3-hydroxyacyl-CoA monomer units are supplied via the (/2)-specific hydration of 
enoyl-CoA in A. caviae. The transconjugant of the A. eutrophus mutant expressing only phaC Ae effectively 
accumulated P(3HB-co-3HHx) up to 96 wt% of the cellular dry weight from octanoate in one-step cultivation. 



The utilization of biological systems for production of bio- 
degradable materials is becoming important as a solution of 
the problems concerning plastic waste and the global environ- 
ment. Poly(3-hydroxyalkanoates) (PHA) are produced by a 
wide variety of bacteria as intracellular carbon- and energy- 
storage materials from renewable carbon resources, such as 
sugars or plant oils (2, 6, 18, 25). Since these bacterial PHA are 
biodegradable thermoplastics, they have attracted industrial 
attention as possible candidates for large-scale biotechnologi- 
cal products. At present, more than 90 different monomeric 
units have been found as constituents of PHA (37). 

Bacterial PHA can be divided into two groups, depending on 
the number of carbon atoms in the monomeric units (35). One 
group of bacteria, including Alcaligenes eutrophus, produces 
short-chain-length PHA with C 3 -to-C 5 monomer units, while 
the other group, including Pseudomonas oleovorans, synthe- 
sizes medium-chain-length PHA with C 6 -to-C 14 monomer 
units. Only a few reports are available for bacteria which can 
synthesize PHA consisting of both short- and medium-chain- 
length monomer units. For example, Rhodospirillum rubrum 
(3), Rhodocyclus gelatinosus (19), and Rhodococcus ruber (12) 
produce terpolymers consisting of C 4 , C 5 , and C 6 3-hydroxyal- 
kanoate (3HA) units from hexanoate, and some pseudomonad 
strains accumulate PHA consisting of C 4 -to-C 12 3 HA units (16, 
38). Our laboratory has found that a random copolymer of 
3-hydroxybutyrate (3HB) and 3-hydroxyhexanoate (3HHx), 
P(3HB-co-3HHx), is produced by Aeromonas caviae FA440 
isolated from soil (7, 32). This bacterium synthesizes the co- 
polyester from alkanoic acids of even carbon numbers or from 
plant oils up to approximately 30 wt% of the cellular dry 
weight, with a 3HHx fraction ranging from 10 to 25 mol%. We 
have also demonstrated that P(3HB-co-3HHx) is a flexible 
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material and that films of the copolymer show a high degree of 
elongation to break (<850%) (7). 

PHA biosynthesis genes, including structural genes of PHA 
synthases, have been isolated and analyzed at a molecular level 
from various sources (18, 36). The genes of A eutrophus are 
organized in a single operon as phbC-A-B, which are genes of 
PHA synthase, p-ketothiolase, and NADPH-acetoacetyl-coen- 
zyme A (CoA) reductase, respectively (26, 31, 34). Whereas in 
P. oleovorans, two structural genes of PHA synthases (phaCl 
and phaC2) flanking a PHA depolymerase gene have been 
identified (14), PHA synthases of Chromatium vinosum (21) 
and Thiocapsa pfennigii (35) consist of two different types of 
subunits encoded by phbC and phbE in a single operon. Al- 
though cells of T. pfennigii accumulated only P(3HB) homo- 
polymer from various carbon sources, a recombinant Pseudo- 
monas putida strain harboring the PHA biosynthesis genes of 
T. pfennigii produced a new type of PHA consisting of 3HB, 
3HHx, and 3-hydroxyoctanoate units from octanoate (20) or of 
PHA containing 4-hydroxy- and 5-hydroxyalkanoate units from 
the related carbon sources (40, 41). In this study, we cloned 
and sequenced the P(3HB-co-3HHx) biosynthesis genes of A, 
caviae FA440 to study the molecular organization. In addition, 
heterologous expression of the cloned genes was examined in 
PHA-negative mutants of A. eutrophus and P. putida to char- 
acterize the genes and the PHA-producing ability of the re- 
combinant strains was investigated. 

t 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas- 
mids used in this study are listed in Table 1. A caviae, A. eutrophus, and P. putida 
strains were cultivated at 30°C in a nutrient-rich medium containing 10 g of meat 
extract, 10 g of polypeptone, and 2 g of yeast extract in 1 liter of distilled water, 
and Escherichia coli strains were grown at 37°C on a Luria-Bertani medium (28). 
When needed, kanamycin (50 mg/liter) or ampicillin (50 mg/liter) was added to 
maintain the plasmids. 

DNA manipulation. Isolation of total genomic DNA and plasmids. digestion of 
DNA with restriction endonucleases, and transformation of £. coli were carried 
out by standard procedures (28). Transconjugation of A eutrophus or P. putida 
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TABLE 1. Bacterial strains and plasmids used in this study 


J. Bacteriol. 


Strain or plasmid 


Relevant characteristics 


Source or reference 


A. caviae FA440 


Wild type 


FERM P-3432 
7, 32 

DSM 541, 30 
14 

Clontech 
33 


A. eutrophus PHB~4 
P. puiida GPpl04 
E. coli 
DH5a 

S17-1 


PHA-negative mutant of H16 
PHA-neeative miirnnt nf KT^ddO 

deoR endAl gyrA96 hsdR17 (r K ~ m K + ) recAl relAl supE44 thi-1 

\{lacZYA-argFV169) ^SQMacZAMlS F" \" 
recA and tra genes of plasmid RP4 integrated into the chromosome; 

auxotrophic for proline and thiamine 


Plasmids 
pLA2917 
pJRD215 
pJRDEESO 
pJRDEE32 
pBluescriptll KS + 
pUCl8 
pEE32 


Cosmid; Km r Tc r RK2 replicon Mob^ 

Cosmid; Km r Sm r RSF1010 replicon Mob + 

pJRD2l5 derivative; phaC Ac ORF1 ORF3 ORF4 ORF5 

pJRD215 derivative; phaC Ac ORF1 ORF3 

Ap r lacPOZ T7 and T3 promoter 

Ap r lacPOZ 

pUC18 derivative; pfiaC Ac ORF1 ORF3 


1 

A 
*+ 

This study 
This study 
Slratagene 
Takara 
This study 



with E. coli SI 7-1 harboring broad-host-range plasmids was performed as de- 
scribed by Friedrich et al. (8). 

PCR. To amplify a partial fragment of the A. caviae PHA synthase gene from 
genomic DNA, we performed PCR with two primers [PI, 5'-CC(C/G)CC(C'G) 
TGGATCAA(T/C)AAGT(T/A)(T/C)TA(T/C)ATC-3': P2. 5'-(G/C)AGCCA 
(G/C)GC(G/C)GTCCA(A/G)TC(G/C)GGCCACCA-3'1 under 25 cycles of de- 
naturation at 98 a C for 20 s and annealing and elongation at 65°C for 2 min. The 
amplified DNA was purified by phenol extraction and ethanol precipitation. 

Cloning of genes. Genomic DNA was partially digested with Satt3Al and 
ligated to the cosmid vector pLA29 17 (1) linearized with BglW. The concatemeric 
ligation products were packaged by using Gigapack II (Stratagene). and the 
resultant phage particles were transfected to E. coli S17-1. The constructed 
cosmid library was screened by colony hybridization (28) with the PCR-amplihed 
fragment as a probe to isolate the PHA biosynthesis genes of A. caviae. Prepa- 
ration of the labeled probe and detection of the hybridization signals on mem- 
branes were carried out with a digoxigenin nucleic acid labeling and detection kit 
(Boehringer Mannheim). 

DNA sequencing analysis. DNA fragments were subcloned into pBluescriptll 
KS* or pUC!8, and nested sets of deletion clones were generated by using 
exonuclease III for DNA sequencing (28). DNA was sequenced in a DSQ-1000 
DNA sequencer (Shimadzu Co., Kyoto, Japan) with a Taq cycle sequencing kit 
(Takara Co., Kyoto, Japan)._Computer analysis of the resulting nucleotide se- 
quence was performed with SDC-GENETYX genetic information processing 
software (Software Development Co., Tokyo, Japan). 

Site-directed mutagenesis. To create restriction sites in the isolated genes, 
site-directed mutagenesis was carried out under the unique site elimination 
procedure developed by Deng and Nickoloff (5) with a U.S.E. mutagenesis kit 
(Pharmacia). Primers Ml and M2 (used for creation of Bglll sites) and primers 
M3 and M4 (used for creation of BamHl sites) were as follows: Ml, 5'-GCCG 
ATTGCCCCAG ATCTACACTGTTCTG CC-3 ' ; M2. 5'-GACGCTACGGGCT 
AG ATCTCGCCTCGGGTGTG-3 ' ; M3, 5 '-CGCATG AGCGCAGGATCCCT 
GGAAGTAGGC-3'; and M4, 5'-GCCGTGACGGGGGGATCCGTGGTCAA 
GCTG-3'. 

Production and analysis of PHA. One-step production of polyesters was car- 
ried out on a reciprocal shaker (130 strokes/min) at 30°C for 72 h in 500-ml flasks 
with 100 ml of a nitrogen-limited mineral salt medium, which was composed of 
0.9 g of Na 2 HP0 4 * 12H.O, 0.15 g of KH,P0 4 , 0.05 g of NH 4 CI, 0.02 g of 
MgS0 4 * 7H 2 0, and 0.1 ml of trace element solution (16). In the case of two-step 
production, cells were first cultivated in 100 ml of nutrient-rich medium for 12 h. 
Harvested and washed cells were then transferred into a nitrogen (NH 4 Cl)-free 
mineral salt medium and incubated at 30°C for 48 h. Filter-sterilized carbon 
sources were added as indicated in the text. For maintenance of broad-host- 
range plasmids in A eutrophas or P. putida, kanamycin was added to the medium 
at a concentration of 50 mg/liter. Cellular PHA content and composition were 
determined by gas chromatography after methanolysis of dried cells in the 
presence of 15% sulfuric acid, as described previously (16). 

PHA synthase assay. Crude cell extracts of A. eutrophus transconjugants were 
prepared as described by Schubert et al. (31). The activity of PHA synthase was 
determined by spectroscopic assay according to the methods described by Val- 
entin and Steinbiiche! (43). (/?)-3HB-CoA was synthesized by the mixed anhy- 
dride method described by Haywood et al. (11). 

Enoyt-CoA hydratase assay. Recombinant E. coli cells were sonicated and 
centrifuged (20.000 x g. 20 min ; 4°C), and the resulting soluble cell extracts were 
used as an enzyme solution. Enoyl-CoA hydratase activity' was assayed by the 



hydration of crotonyl-CoA (Sigma) followed by measurement of the disappear- 
ance of absorbance at 263 nm derived from the decrease of the enoyl-thiocster 
bond, as described by Moskowitz and Merrick (23). The configuration of 3HB- 
CoA produced by the hydratase was determined by coupling with the (S)-speciric 
dehydrogenation. NAD" and (5)-3HA-CoA dehydrogenase (Sigma) were added 
after the hydration reaction had reached equilibrium, and the reduction of 
NAD~ was monitored at 340 nm (23). 

Nucleotide sequence accession number. The nucleotide sequence data re- 
ported here will appear in the EMBL. GenBank, and DDBJ nucleotide sequence 
databases under accession no. DSSS25. 

RESULTS 

Identification and cloning of the A. caviae PHA biosynthesis 
genes. For the identification of the PHA biosynthesis genes of 
A. caviae, a partial fragment of a PHA synthase gene was 
amplified from the genomic DNA and used as a specific probe. 
Two primers were designed from highly conserved regions 
among known PHA synthases (244-PPWINK(Y/F)YI-252 and 
547-WWPDWTAWL-555: numbering corresponds to the A. 
eutrophus PHA synthase) (36), and PCR with the designed 
primers resulted in successful amplification of an approxi- 
mately 900-bp fragment. Hybridization analysis gave only one 
positive signal for each of the £coRI-, BamHl-, Hindlll-, and 
Ptfl-digested genomic DNAs of A. caviae with a probe pre- 
pared from the amplified fragment. There were no detectable 
hybridization signals even under low-stringency conditions 
when the PHA synthase gene of A. eutrophus (26, 31, 34) was 
used as a probe. A cosmid library constructed in E. coli S17-1 
was screened by colony hybridization, and one positive recom- 
binant clone was isolated, which harbored a 20-kbp A. caviae 
genomic DNA fragment. A positive 11-kbp Sail subfragment 
(SSI 10) was cloned into pBluescriptll KS^, and further anal- 
ysis showed that the PHA biosynthesis genes of A caviae were 
located in a 5. 0-kbp EcoRV-EcoRl subfragment, referred to as 
VE50. 

Nucleotide sequence and structure of the PHA biosynthesis 
genes. A nucleotide sequence of the VE50 fragment was de- 
termined for both strands. Fig. lb and 2 show the restriction 
map and the determined nucleotide sequence, respectively, of 
the VE50 fragment. Five open reading frames (ORFs) were 
identified (ORF1 to -5) in the fragment by computer analysis, 
as shown in Fig. lc. 

ORF2 (1,782 bp), which is the largest gene in this fragment, 
encoded a protein composed of 594 amino acids with a mo- 
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ORF5 ORF4 ORF1 ORF2 (1782-bp) ORF3 

(756-bp) (561 -bp) (348-bp) phaCAc (402-bp) 

\ 

PHA synthase (594aa. 66.3kDa) 

FIG. 1. Organization of A. caviae PHA biosynthesis genes, restriction endonuclease sites, and DNA sequencing strategy, (a) Restriction map of SSI 10 fragment, 
(b) Restriction map and sequencing strategy of VE50 subfragment. Arrows indicate sequence strategy, (c) Organization o{phaC Ac . ORF1, ORF3, ORF4, and ORF5. 
aa, amino acids. 



lecular mass of 66,334 Da. Figure 3 shows a partial alignment 
and the identities of its deduced amino acid sequence with 
known PHA synthases from 11 microorganisms. Relatively 
high identities were obtained with the synthases of Acineto- 
bacter sp. (45.1%) (29) and A. eutrophus (42.7%); therefore, 
ORF2 was concluded to represent a structural gene of A. 
caviae PHA synthase, and it was referred to as phaC Ac . The 
calculated molecular mass of the translated PHA synthase was 
almost consistent with that of A. eutrophus (63,940 Da) and 
those of P. oleovorans (62,400 and 62,600 Da) (14). The prop- 
agation of a polyester chain has been proposed to include the 
formation of an acyl-5 enzyme intermediate at two thiol groups 
and the transesterification to a propagating chain (17). Cys-319 
in the A. eutrophus synthase has been demonstrated by muta- 
genic analysis to play important roles in the catalytic cycles (9), 
and the corresponding Cys residue is conserved in the PHA 
synthase of A. caviae at the same position, 319, in a lipase 
box-like sequence. Another active site h as been proposed to be 

translationally modifies the synthase of A. eutrophus in £. colt 
(9 1 );^ ^lffl r a^®^ (Seif^Of is also 

found in the amino acid sequence deduced from phaC Ac 

ORF1 (348 bp) and ORF3 (402 bp) were located in up- 
stream and downstream regions, respectively, of phaC A? , and 
ORF4 (561 bp) and ORF5 (756 bp) were oriented in the 
opposite direction to the other three genes. Several -35 to 
-10 consensus sequences of a a 70 -dependent promoter (10) 
were found between ORF1 and ORF4 on both strands, sug- 
gesting that the approximately 300-bp region is a putative pro- 
moter region for these five genes. The ATG start codpn of 
ORF3 overlapped with the TGA stop codon of phaC Ac , and an 
inverted repeat, which may serve as a transcriptional termina- 
tion signal, was identified in the downstream region of ORF3 
(nucleotides 4S99 to 4930) with the structural free energy of 
- 166 kJ/mol. The presence of ribosome binding sequences 5 to 
8 bp upstream of the ATG start codon of all genes suggests the 
translation of these five genes. 

Complementation studies and heterologous expression. To 
confirm whether the cloned fragments harbor functionally ac- 
tive PHA biosynthesis genes, heterologous expression of the 
genes was investigated in the PHA-necative mutants PHB~4 
of A. eutrophus (30) and GPpl04 of P. ^putida (14). The VE50 



fragment (containing phaC Ac , ORF1, ORF3, ORF4. and ORF5) 
and a 3.2-kbp BglU-EcoRl fragment (containing phaC Ac , ORF1, 
and ORF3), both of which harbored the putative promoter 
region, were converted to EcoRI restriction fragments referred 
to as EE50 and EE32, respectively, with a pEcoRI linker. 
These two fragments were inserted into a broad-host-range 
vector, pJRD215 (4), at the unique EcoRI site, and the result- 
ant plasmids, pJRDEE50 and pJRDEE32, were mobilized from 
£. coli S17-1 to A. eutrophus PHB~4 or to P. putida GPpl04. 
The transconjugants were cultivated in a mineral salt medium 
to promote the PHA biosynthesis from sugar (fructose for 
transconjugants of PHB"4 or gluconate for those of GPpl04), 
hexanoate, or octanoate as a carbon source. 

Table 2 shows the results of PHA accumulation in the 
recombinant strains by one-step cultivation. The plasmids 
pJRDEE50 and pJRDEE32 not only could complement the 
deficiency of PHA synthase in the mutant strains but also could 
confer the ability to synthesize P(3HB-co-3HHx) copolymer on 

P(3HB) homopolymer from fructose X5'3 wf% ut*rfe'™Muw 
dry w^shj^and ^mS^m^X^9P^m^i^ 2 ^M^° of 
the 3HHx fraction from octanoate (33 wt%), while t'he strain 
harboring pJRDEE50 accumulated only a small amount of 
polyesters (0 to 7 wt%). P. putida GPpl04 harboring these 
plasmids accumulated more than 40 wt% of P(3HB-co-3HFlx) 
from hexanoate or octanoate, with a high 3HHx composition. 
The mole fraction of the 3HHx unit reached 40 mol% in the 
hexanoate-grown cells. These strains synthesized P(3HB-co- 
3HHx) not only from the carboxylic acids but also from glu- 
conate, although the content was low (4 wt%). 

Furthermore, ORF1 and/or ORF3 were deteted from the 
EE32 fragment, and the accumulation of PHA in transconju- 
gants of PHB"4 harboring the deleted clones was investigated. 
The EE32 fragment was ligated to pUCIS to form a recombi- 
nant plasmid called pEE32. Two BglU sites across the coding 
region of ORF1 or two BamHl sites across that of ORF3 were 
created by site-directed mutagenesis, and elimination of the 
BglU or BamHl fragment from the modified plasmids gave 
pEE32dl and pEE32d3, respectively. pEE32dl3 was also con- 
structed by eliminating both the BglU and BamHl fragments. 
The deleted EcoRI restriction fragments of these plasmids 
were inserted into pJRD215, resulting in the formation of 
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EcoRV 10 20 30 40 50 60 70 SO 90 100 
CAI^TOCCX^ICIGGAQGI^ 

110 120 130 140 150 160 170 130 - 190 200 

210 220 230 240 250 
AATACQOOTTITiraXri^ 

310 320 330 . 340 350 

410 420 430 440 450 460 470 480 490 



* P R V F H Y 

GCDGTCCGITa3GCO0CQQCT3CGQG3OCC^ 

510 520 530 540 550 . 560 570 



ASVLAPLSAVAGGAAYQLAM 
610 620 630 640 650 660 




D Y R D T G A 

TAGQCAQQQOOQGT 
670 680 690 700 



VVDPPLSAAIEARAPSAKGAVKAFLRSLGGARRS 
710 720 730 740 750 760 770 780 790 800 



R R P A A A E 
810 820 



PVLQLDGL 
830 840 



RPLISLALTANNGLRDFT 

ymaiaxsACAGcriocAC 

850 860 870 880 890 900 



ASLPKKGYQQQLWRECDRYAYPNDIER QPVACE 

910 920 930 940 950 960 970 980 990 1000 

VGRGALLDGLARPFALPA DIGLALRPCALVQMLA 

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 

MEDQLAPRLLADLDPAVRSSLRFLPSVGLWHLQ 
GTI2iGAGCAGA£O3TO3033^ 

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 



QTRAQWGVVAVAQANGQWGRVDWGIGIADL HET 
ACGCaOGOOCX3GA<JUGUUCiJ01 

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 

-ORF5 



T M 



SD 



1310 



1320 



1330 



1340 



1350 



1360 



1370 



13S0 



F S K K F 
ATCTITCTAAAGAACIT 
1390 1400 



ILPLIPFIGNEAYNALGIQLGDL H'K 7 A N I F G L 

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500 

FTTREAYNVFGLNALANGKAINVAGWNLGQVN 
TTOCACCAGQOGAGGX'IA^^ 

1510 1520 1530 1540 1550 1560 1570 15S0 1590 1600 



NTLNVFGLNVG 
1610 1620 1630 

AGFFIGLQLGTFQDV 



DQGEHWNVANIAVGGF 
TOOC 

1640 1650 1660 1670 1680 



Q H R V R A 
1690 1700 



DSLAFVPLDIGKVQGTRG 
lTAGGGGAPGTOGACTGGOCAOGOGGGT 
1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 



YLFSARAGEVQHSSPLNIGPLSIQVPTSAQAVG 
1810 1820 1830 1840 1850 1860 5**11 1870 1880 1890 1900 

FIG. 2. Nucleotide sequence of a 5.05 1-bp region containing the phaC 4c gene along with the deduced amino acid sequence.* The putative ribosome binding 
sequences are boxed and indicated by SD. The - 10 and -35 regions of the a 7u -dependent promoter are labeled. A potential stem-loop structure is shown by the facing 
arrows. PI and P2 indicate the positions of the primers used for PCR. Ml, M2, M3, and M4 indicate the restriction sites created by site-directed mutagenesis. Other 
restriction sites are underlined and labeled. Stop codons are indicated by asterisks. 



pJRDEE32dl, harboring phaC Ac and ORF3, pJRDEE32d3, 
harboring phaC Ac and ORF1, and pJRDEE32dl3, harboring 
only phaC Ac . A. eutrophus PHB"4 was transformed by conju- 
gational transfer of these recombinant plasmids, and the trans- 
conjugants were cultivated in a nitrogen-limited mineral salt 
medium. As shown in Table 3/ all the transconjugants of 



PHB~4 accumulated P(3HB) homopolymer from fructose, 
and the deletion of ORF1 and/or ORF3 slightly increased the 
FHA content in the cells. When the recombinant PHB~4 
strains were grown on octanoate or hexanoate. the content of 
P(3HB-«?-3HHx) copolymer was remarkably increased by the 
deletion of ORFs. Especially on octanoate, the PHA content 
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FIG. 2 — Continued. 



reached 92% of the cell weight (dry wt) after deletion of ORF1 
or ORF3 from the EE32 fragment, and 96% (dry wt) after 
deletion of both genes. A similar tendency was also observed in 
the case of two-step cultivation. 

Table 4 shows PHA synthase activities in the transconju- 
gants of PHB~4 at the early stationary growth phase. When oc- 
tanoate was fed as a sole carbon source, the PHA synthase 
activity in the cells expressing phaC Ac with ORF1 (pJRDEE32d3) 



was fivefold higher than that in the cells coexpressing the three 
genes (pJRDEE32). Furthermore, the strain expressing only 
phaC Ac without both ORF1 and ORF3 (pJRDEE32dl3) showed 
38-fold higher activity than that harboring pJRDEE32. In con- 
trast, the transconjugant harboring pJRDEE32dl showed low- 
er activities in spite of the high PHA content than did those 
harboring pJRDEE32 or pJRDEE32d3. The three strains har- 
boring these deleted plasmids accumulated P(3HB-co-3HHx) 
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up to more than 92 wt% from octanoate after 72 h cultivation, 
but they showed quite different synthase activities. These re- 
sults suggested that the PHA synthase activity does not relate 
directly to the PHA content accumulated in cells. 

The deletion of ORFs from the EE32 fragment did not 
seriously affect the composition of copolyesters accumulated in 
octanoate-grown cells (ranging from 12 to 22 mol% of the 
3HHx fraction). However, it is of interest to note that the mole 
fractions of the 3HHx unit in copolyesters synthesized from 
hexanoate were increased by the deletion of ORF3. P(3HB- 
co-3HHx), consisting of almost equimolar amounts of 3HB 



and 3HHx units, could be obtained by two-step cultivation of 
the strains harboring pJRDEE32d3 or pJRDEE32dl3. 

Enoyl-CoA hydratase assay. No significant identities of the 
amino acid sequences deduced from the nucleotide sequences 
of identified ORFs were detected with those of primary struc- 
tures of any proteins in databases, except for the translated 
product of ORF3, which showed a partial identity with a pu- 
tative enoyl-CoA hydratase domain of Saccharomyces cerevi- 
siae p-oxidation multifunctional protein (38.4% of 73 amino 
acids) (13). The ORF3 product also exhibited a weak identity 
with Clostridium difficile crotonase (22.8% of 114 amino acids) 
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FIG. 3. Partial alignment and identities of the deduced amino acid sequence of the PHA synthase from A. caviae with those from A. eutrophus (A.e.) (26, 31, 34), 
Methylobacterium extorquens (M.e.) (42). ft ruber ( R.r.) (27), R. sphaeroides (R.s.) (15), Acinetobacter sp. (A.sp.) (29),/*. oleovorans (P.o.l and P.o.2) (14), P. aeruginosa 
(P.a.l and P.a.2) (39), C. v'mosum (C.v.) (21), and Thiocystis violacea (T.v.) (22). Dots, amino acids identical to the A. caviae sequence; shading, amino acids which are 
identical in at least eight PHA synthases. 



(24). Therefore, soluble extracts of recombinant E. coli har- 
boring the PHA biosynthetic genes of A caviae were prepared, 
and enoyl-CoA hydratase activity was assayed with crotonyl- 
CoA as a substrate. The results are given in Table 5. E. coli 
harboring pEE32 or pEE32dl exhibited a high enoyl-CoA 
hydratase activity, while the activity in the cells harboring 
pEE32d3 or pEE32dl3 was as low as that in a control strain 
harboring pUC18. To investigate the stereospecificity of the 
hydration reaction, NAD + and (S)-3HA-CoA dehydrogenase 
were added to the reaction mixture after the hydration of 
crotonyl-CoA had reached equilibrium (23), but the formation 
of NADH linked with the oxidation of (S)-3HB-CoA was not 
observed; These results strongly suggest that ORF3 is a struc- 
tural gene of (fl)-specific enoyl-CoA hydratase. The (3-oxida- 
tion multifunctional protein of S. cerevisiae encoded by xhcfox2 
gene has been reported to catalyze the hydration of enoyl-CoA 
with (/?)-specificity (13). The evolutionary relationship be- 
tween A. caviae ORF3 and S. cerevisiae fox2 may be an inter- 
esting subject. 

DISCUSSION 

There are only a few studies on bacteria capable of incor- 
porating both short- and medium-chain-length 3HA units into 
polyester chains. R ruber (12) and R. rubrum (3) are known to 
synthesize PHA with C 4 -to-C 6 3HA units, and the PHA syn- 
thase genes of these bacteria have been cloned (15, 27). How- 
ever, the substrate specificities of the translated PHA synthases 
were not investigated thoroughly. In this study, cloning of PHA 
biosynthesis genes, including a structural gene of PHA syn- 
thase horn A, caviae {phaC Ac ), was performed together with an 
investigation of the PHA-producing ability of recombinant 
strains harboring the cloned genes. 

A partial fragment of a PHA synthase gene was successfully 
amplified from genomic DNA of A. caviae by PCR with prim- 
ers designed from a highly conserved region among various 
PHA synthases. The amplified fragment was then used as a 
specific probe for identification and isolation of the PHA bio- 
synthesis genes of A caviae. These PCR primers are expected 
to be useful for cloning of PHA synthase genes from other 
bacteria. 



The nucleotide sequence indicated that phaC Ac was clus- 
tered with four ORFs (ORF1, -3, -4, and -5) and one putative 
promoter region in a 5.0-kbp genomic fragment. The deduced 
amino acid sequence of A caviae PHA synthase shows 42.7% 
identity with the synthase of A. eutrophus (specific for short- 
chain-length 3HA), which is higher than its 32.6 to 35.2% 
identity with those of pseudomonads (specific for medium- and 



TABLE 2. Accumulation of PHA in recombinant strains 
harboring PHA biosynthesis genes of A. caviae 0 



Strain 


Plasmid 


Carbon 
source 


PHA 
content 
(wt%) 


Composition 
(mol%) 

3HB 3HHx 


A. eutrophus PHB~4 


pJRD215 


Fructose 


0 










Hexanoate 


0 










Octanoate 


0 








pJRDEE50 


Fructose 


7 


100 


0 






Hexanoate 


Trace 










Octanoate 


6 


96 


4 




pJRDEE32 


Fructose 


53 


100 


0 






Hexanoate 


6 


83 


17 






Octanoate 


33 


78 


22 


P. putida GPpl04 


pJRD215 


Gluconate 


0 










Hexanoate 


0 










Octanoate 


T 0 








pJRDEESO 


Gluconate 


4 


71 


29 






Hexanoate 


42 


61 


39 






Octanoate 


41 


71 


29 




pJRDEE32 


Gluconate 


4 


71 


29 






Hexanoate 


3S 


60 


40 






Octanoate 


4S 


69 


31 



" Cells were cultivated in a nitrogen-limited mineral salt medium containing 
fructose (0.5% wt/vol). the sodium salts of gluconate (1.5% wt/'vol). and octano- 
ate or hexanoate (O.Kr wt.vol x 5 for A. eutrophus strains or 0.5% wt/vol for 
P. putida strains) as a sole carbon source for 72 h at 30°C. 
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TABLE 3. Accumulation of PHA in recombinant strains of A, eutrophus PHB~4 harboring deleted clones of 

PHA biosynthesis genes of A. caviae 



One-step cultivation 11 Two-step cultivation** 



Plasm id 
(relevant markers) 


Carbon 
source 


PHA content 
(wt%) 


Composition 
(mol%) 

3HB 3HH 


PHA content 
(wt%) 


Composition 
(mol%) 

3HB 3HHx 


pjKJJtc^i \pi\a\^ Ac% vJKrl, L/Krj) 


Fructose 


53 


100 


0 










Hexanoate 


6 


83 


17 


4 


76 


24 




Octanoate 


33 


78 


22 


6 


85 


15 


pJRDEE32dl {phaC Ac , ORF3) 


Fructose 


66 


100 


0 










Hexanoate 


78 


84 


16 


25 


77 


23 




Octanoate 


92 


87 


13 


53 


85 


14 


pJRDEE32d3 (phaC Ac , ORF1) 


Fructose 


66 


100 


0 










Hexanoate 


44 


75 


25 


19 


53 


47 




Octanoate 


92 


88 


12 


23 


87 


13 


pJRDEE32dl3 (phaC Ac ) 


Fructose 


73 


100 


0 










Hexanoate 


72 


72 


2S 


26 


50 


50 




Octanoate 


96 


85 


15 


50 


80 


20 



a Cells were cultivated in a nitrogen-limited mineral salt medium containing fructose (0.5% wt/vol) and sodium hexanoate or sodium octanoate (0.1 Tc wt/vol x 5) 
as a sole carbon source for 72 h at 30°C. 

b Cells were grown in a nutrient-rich medium for 12 h at 30°C, transferred into a nitrogen-free mineral salt medium containing sodium hexanoate or sodium octanoate 
(0,25% wt/vol x 2) as a carbon source, and incubated for 48 h at 30°C 



long-chain-length 3HA). Although R. ruber synthesizes copoly- 
esters of C 4 to C 6 units similar to those of A caviae (12), the 
PHA synthase of R. ruber has closer identity to the synthases of 
Pseudomonas aeruginosa than to those of A, eutrophus and A. 
caviae. It is difficult to predict the substrate specificity of PHA 
synthases on the basis of their primary structures. 

Heterologous expression of phaC Ac in the PHA-negative 
mutants PHB"4 of A. eutrophus and GPpl04 of P. putida 
resulted in the accumulation of P(3HB-co-3HHx) copolyesters 
from hexanoate or octanoate and of P(3HB-a?-3-hydroxyval~ 
erate) from pentanoate (data not shown). A 3-hydroxyoctano- 
ate unit was never detected, even in the copolyesters produced 
by transconjugants of GPpl04 from octanoate. These results 
indicate that the A. caviae PHA synthase is active toward C 4 - 
to-C 6 3HA-CoA and that the composition of the copolyester 
produced by A. caviae FA440 reflects the substrate specificity 
of the PHA synthase. The acceptance of 3HHx-CoA as a 



substrate is a significant difference between the A caviae PHA 
synthase and other synthases, being specific for short-chain- 
length C 3 -to-C 5 3HA-CoA only. 

E. coli strains expressing the ORF3 gene of A caviae showed 
(tf)-specific enoyl-CoA hydratase activity, suggesting that the 
translated product of ORF3 functions as an enzyme in a mono- 
mer-supplying pathway for PHA-biosynthesis. Figure 4 shows a 
proposed PHA biosynthesis pathway in A. caviae, Acyl-CoA 
derived from alkanoic acids or oils is degraded via cyclic p-ox- 
idation, resulting in the formation of enoyl-CoA intermediates 
of different chain lengths. These intermediates may be con- 
verted to (#)-3HA-CoA by the (^-specific enoyl-CoA hy- 
dratase encoded by ORF3, and the resultant (i?)-3HA-CoA of 
4 to 6 carbon atoms may be incorporated into a growing poly- 
ester chain by the function of PHA synthase. Hence, P(3HB- 
a?-3HHx) is synthesized from alkanoic acids of even carbon 
numbers or from oils. Small amounts (5 mol% ± 2 mol%) of 



TABLE 4. PHA synthase activity and PHA accumulation in recombinant strains of A. eutrophus 


at the early stationary growth phase 


a 




Plasmid 








Composition 


Strain 


Carbon 


PHA synthase* 


PHA content 


(moI%) 




(relevant markers) 


source 


(U/g of protein) 


(wt%) 














3HB 


3HHx 


H16 


pJRD215 


Fructose 


138 


60 


100 


0 






Octanoate 


61 


67 y 


100 


0 


PHB - 4 


pJRD215 


Fructose 


5 


0 










Octanoate 


3 


0 . 






PHB~4 


pJRDEE32 (phaC Ac , ORF1, ORF3) 


Fructose 


145 


25 


100 


0 






Octanoate 


20 


12 


61 


39 


PHB~4 


pJRDEE32dl (phaC Ae , ORF3) 


Fructose 


33 


49 


100 


0 






Octanoate 


13 


51 


88 


12 


PHB-4 


pJRDEE32d3 (phaC Ac , ORF1) 


Fructose 


110 


28 


100 


0 






Octanoate 


114 


37 


85 


15 


PHB"4 


pJRDEE32dl3 (phaC Ac ) 


Fructose 


425 


69 


100 


0 






Octanoate 


770 


69 


85 


25 



° Cells were cultivated in a nitrogen-limited mineral salt medium containing fructose (0.5% wt/vol) or sodium octanoate (0.1% wt/vol x 3) as a sole carbon source 
for 30 h at 30°C. 
b PHA synthesis activity for (/?)-3HB-CoA. 
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TABLE 5. Enoyl-CoA hydratase activity in recombinant 
strains of E. coti DHSa" 



Plasmid ■-■ 


Relevant markers 


Enoyl-CoA hydratase'' 
(U/g of protein) 


pUC18 




39 


pEE32 


phaC AcS ORF1, ORF3 


617 


pEE32dl ' 


phaC Ac , ORF3 


323 


pEE32d3 


phaC Ac , ORF1 


31 


pEE32dl3 


phaC Ac 


46 



' Cells were cultivated in a Luria-Bcrtani medium for 24 h at 37°C 
* Hydration activity for crotonyl-CoA. 



a 3HB unit were reported to be incorporated into a copolyester 
with a 3-hydroxyvalerate unit (95 mol% ± 2 mol%) by A. 
caviae from alkanoic acids of odd carbon numbers (7). In 
A. caviae, there are low activities of (S-ketothiolase (0.09 U/mg 
of protein) and NADH-acetoacetyl-CoA dehydrogenase (0.06 
U/mg of protein), but no activity of NADPH-acetoacetyl-CoA 
reductase was detected. The small amount of a 3HB unit in the 
copolyesters may be supplied from two acetyl-CoA molecules 
via four-step reactions catalyzed by 3-ketothiolase, NADH- 
acetoacetyl-CoA dehydrogenase, crotonase [(5)-specific enoyi- 
Co, hydratase], and (fl)-specific enoyl-CoA hydratase (Fig. 4), 
which is similar to the pathway in R. rubnun (23). The deletion 
of ORF3 from the EE32 fragment resulted in an enrichment of 
the 3HHx fraction in P(3HB-co-3HHx) produced by the re- 
combinant strains of A eutrophus PHB"4 (Table 3). This result 
may suggest the major contribution of the ORF3 product in 
supplying a 3HB unit; that is, the (/?)-specific enoyl-CoA hy- 
dratase encoded by ORF3 may be more specific for the hydra- 
tion of crotonyl-CoA than for that of medium-chain-length 
enoyl-CoA. 

The transconjugant of A, eutrophus PHB"4 harboring 
pJRDEE50 accumulated a smaller amount of polyesters than 
that harboring pJRDEE32, while there was little difference in 
the PHA content and composition between transconjugants of 
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P. putida GPpl04 harboring pJRDEE50 and those harboring 
pJRDEE32. The functions of ORF4 and ORF5 in PHA bio- 
synthesis are still unknown. The deletion of ORF1 and/or ORF3 
from the EE32 fragment drastically increased the P(3HB-co- 
3HHx) content in the cells of recombinant PHB"4 when hex- 
anoate or octanoate was fed as a sole carbon source. Here, it 
is noted that a PHA content of 96 wt% was achieved in the 
strain harboring pJRDEE32dl3 from octanoate. The coex- 
pression of ORF1 and ORF3 with phaC Ac seems to lead to a 
decrease in intracellular PHA content. Enzymatic analysis re- 
vealed that the deletion of the surrounding genes also affected 
the activity of PHA synthase. However, the" PHA content ac- 
cumulated in cells was not correlated to the level of PHA 
synthase activity (Table 4). For example, the PHA content in 
octanoate-grown cells harboring pJRDEE32dl3 was only 
slightly higher than that of cells harboring pJRDEE32dl at 
both the early stationary (30 h) and late" stationary (72 h) 
phases, even though the former strain showed 60-fofd higher 
synthase activity than the latter. In addition, the effects of the 
deletion of the ORF3 gene on the activity of PHA synthase and 
on the cellular content of PHA cannot be explained by the 
catalytic function of the translated product. (R)-specific enoyl- 
CoA hydratase. Further studies, including the investigation 'of 
transcriptional efficiency of each transconjugant, wilf be nec- 
essary to elucidate the characters and functions of these ORFs. 

Liebergesell et al. (20) have reported that PHA biosynthesis 
genes of the anoxygenic phototrophic bacteria C vinosi 'muRho- 
dobacter sphaeroides, and T. pfennigii conferred the ability to 
synthesize P(3HB-co-3HHx) from octanoate on P. putida 
GPpl04. It is interesting that the PHA synthases of C vinosum 
and T. pfennigii exhibited similar specificity to that of A. caviae 
in spite of their quite different structures. They have also re- 
ported that P(3HB) homopolymer was accumulated in the oc- 
tanoate-grown cells of A eutrophus PHB~4 harboring the genes 
of T. pfennigii, in contrast to the product* *n of PHA containing 
nearly a half-molar ratio of the 3HHx fi xtion by the GPpl04 
strain expressing the same genes. In this studv/the transcon- 
jugant of PHB"4 harboring pJRDEE32dl3 r "expressing only 
phaC Ac as a foreign gene, efficiently accumulated P(3HB-co- 
3HHx) from hexanoate or octanoate, and the 3HHx fraction in 
the copolyester reached 50 mol% in the recombinant cells 
from hexanoate by two-step cultivation. Apparently. A. eutro- 
phus cells have the ability to supply the (K)-3HHx-CoA thio- 
ester intermediate from these carboxylic acids. The P(3HB) 
accumulation from octanoate in recombinant PHB"4 strains 
described by Liebergesell et al. may be caused by the effects of 
additional genes in the cloned fragment which were introduced 
into the host together with the PHA synthase gene. 

In conclusion, this study not only gives information on PHA 
biosynthesis genes of A. caviae but also demonstrates the use- 
fulness of the recombination techniques for an efficient pro- 
duction of copolyesters consisting of short- and medium-chain- 
length 3HA-CoA. Further studies wall be done to clarify the 
mechanism of synthesis and accumulation of PHA in A. caviae 
and in recombinant strains harboring the PHA biosynthesis 
genes of A. caviae. 
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